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Abstract 
Sol-gel derived bioactive glasses with the 70S30C composition (70 mol% SiO2 and 30 
mol% CaO) have high potential as materials for bone regeneration and devices for 
sustained drug delivery. They bond to bone and have a unique tailorable nanoporosity, 
which affects protein adsorption and cellular response. The first aim of this thesis is to 
fully characterise the evolution of the nanoporous structure of sol-gel derived 
bioactive glass for the first time, to fully understand its nanostructure evolution and 
control. Nanoparticles that were produced early in the sol-gel process, agglomerated 
into larger particles during gelation and during thermal stabilisation. Calcium was 
found to not enter the silica network until the material was heated to 400 °C. This has 
implications for the homogeneity of the calcium distribution in sol-gel derived 
bioactive glasses. 
 
Region separation was found within sol-gel derived bioactive glass monoliths 
produced by the standard procedure. The calcium concentration and nanoporosity 
were found to be higher near the edge of the monoliths. This is believed to be caused 
by calcium accumulation on the outer surface of the monoliths during the drying stage 
of the sol-gel process. The homogeneity of monoliths was successfully improved by 
using Teflon moulds. To provide further control of the nanostructure of 70S30C, a 
method for increasing the nanopore diameter from 12 nm to 30 nm was devised by 
adding specific amount of trimethylethoxysilane (TMES) during the sol-gel process. 
A series of amounts of TMES were added at different time points during the sol-gel 
process. Solid state nuclear magnetic resonance (NMR) and electron microscopy were 
used to explore the mechanisms behind the changes in nanostructure. 
 
Protein adsorption to sol-gel glass was investigated using in situ studies by 
monitoring the adsorption of fluorescent-labelled proteins onto various types of sol-
gel derived bioactive glasses under confocal microscope with fibrinogen as model 
protein. Fibrinogen molecules were found to penetrate into inner nanopores of 
TheraGlass® (a commercial glass with 17 nm nanopores) whereas no penetration was 
found into sol-gel derived silica (with 3 nm nanopores). Protein interactions were 
further studied by conducting bioactivity tests with SBF supplemented with 10% 
serum. Apatite deposition was found inhibited by the interference of serum proteins. 
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Chapter 1. Introduction 
Many people suffer from diseases such as osteoporosis and arthritis, and tissue 
damage from trauma and burns. The natural self-healing system is significantly 
retarded or even completely disabled if tissue damage exceeds certain critical values. 
For example, a large area skin burn cannot complete self-recovery and could severely 
threaten life. Great efforts have been made to restore tissue function by replacing 
them. Two main surgical procedures for tissue replacement are transplantation and 
implantation. 
 
Transplantation can be classified into three types: autograft, which is the 
transplantation of tissues in the same individual; allograft, transplant of tissues from 
other humans; xenograft, transplant of tissues from animal sources [1]. Although 
autograft is widely recognised as the “gold standard” for tissue repair, it is not a 
perfect solution since available donor sites are very limited and morbidity would be 
caused at the donor sites. Xenograft provides a larger source for tissue transplantation 
compared to autograft but extensive applications have been limited by risk of 
immuno-rejection and risk of disease transmission. These limitations inspired and 
accelerated the development of alternative techniques: artificial devices and synthetic 
biomaterials for implantation. 
 
Implantation is using artificial devices to replace missing tissues or organs. In the 
1960s, the first generation of orthopaedic biomaterials was developed for clinical use 
inside the human body. The physical properties of the biomaterials were aimed to 
match to those of the replaced tissue with a minimal toxic response [2]. These 
biomaterials were termed as “bioinert” materials. Tens of millions of individuals had 
the quality of their life enhanced for 5 to 25 years [3]. However, no implanted 
materials can be absolutely inert and some biomaterials resulted in fibrous 
encapsulation, which isolated the materials from the body. Most of these inert 
biomaterials were non-degradable and can never completely replicate natural tissue 
functions. There are three functions of natural tissues that cannot be replaced by inert 
biomaterials: the ability to self-repair; the metabolism and transportation ability; and 
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to adapt in response to external environment stimuli [1]. Natural tissues and organs 
work in such a complicated physiological mechanism that it is impossible to 
synthesise a device to completely replicate all the functions. 
 
Therefore, the strategy of biomaterials started to shift from tissue replacement to 
tissue regeneration. In 1969, Hench invented Bioglass®, which bonds to bone via a 
layer of hydroxycarbonate apatite (HCA), generated on the surface. HCA is the 
primary inorganic components of bone [4, 5]. The bioactive glass combines both 
bioactivity and bioresorbability and can stimulate specific cellular responses at a 
molecular level [6]. 
 
This thesis focuses on sol-gel derived bioactive glass, which is composed of 70 mol% 
SiO2 and 30 mol% CaO (70S30C). Sol-gel derived bioactive glasses exhibit enhanced 
bioactivity compared to melt-derived bioactive glasses of similar compositions. This 
is due to the inherent nano-porosity, which significantly enlarges their specific surface 
area, which accelerates glass dissolution and HCA layer formation. The aim of this 
thesis is to understand the evolution of the nanostructure of sol-gel glasses and to be 
able to modify the nanostructure of the glasses in order to optimise their interactions 
with physiological environment in regard to bone regeneration applications. Protein-
material interactions are critical to how a material behaves in vivo; therefore another 
aim was to understand how the nanostructure of the glasses affects protein adsorption. 
19 
 
 
Chapter 2. Literature survey 
2.1 Bioactive glass 
2.1.1 Bioactive glass history 
Bioactive glass structure is based on a random network of silica tetrahedra (silicon is 
known as a network former) and a number of network modifiers such as Ca, Na, and 
P. Hench invented melt-derived bioactive glass (Bioglass® 45S5) [4]. Later, ternary 
sol-gel derived bioactive glass 58S (60 mol% SiO2, 36 mol% CaO and 4 mol% P2O5) 
was developed by Li et al. [7]. The composition of the glasses was then simplified 
into binary, 70S30C (70 mol% SiO2 and 30 mol% CaO), which was developed by 
Saravanapavan and Hench [8]. Macroporous-interconnected bioactive glass scaffolds 
(70S30C) were developed by Sepulveda et al. [9] for bone regeneration. 
 
Melt-derived bioactive glass 
Hench et al. [4] found that 45S5 Bioglass® formed strong bonds to bone. The 
interaction was so strong that the strength of the bond even exceeded that of the glass 
[5]. Compared to traditional bioinert materials (e.g. stainless steel and titanium alloy), 
Bioglass® significantly enhances performance after implantation. This is because the 
strong bonds prevent the relative movement between the bone and Bioglass® and in 
turn the fibrous capsule tissue formation surrounding the implanted materials [4, 5]. 
 
Based on the results of glasses with various compositions, Hench concluded that 
bioactivity is compositionally dependent and limited within a certain compositional 
range in the Na2O-K2O-CaO-MgO-P2O5-SiO2 system [5]. Hench [5] found that 
bioactivity decreased as silica content increased and the material is bioactive only if 
HCA layer forms at specific rates. If HCA formation is too slow, the fibrous capsule 
tissues would form surrounding the implant instead of HCA and the material becomes 
inert rather than bioactive. On the other hand, if the material dissolves too fast to 
allow HCA deposition, it is bioresorbable but not bioactive. Hench et al. 
demonstrated the role of HCA on the mechanism of bond formation between 
bioactive glass and tissues, which is discussed in Section 2.1.2. 
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Sol-gel derived bioactive glass 
In spite of the extraordinary bioactivity of 45S5, drawbacks still existed such as high 
process temperature (melting point of 45S5, 1150-1250 °C) [10]. Sodium was thus 
incorporated within the glass to decrease the melting temperature. However, the rapid 
release of the sodium ions could significantly increase local medium pH via ion 
exchange that is detailed in Section 2.1.2 and affect cellular activities. This stimulated 
the development of bioactive glasses with novel synthesis protocols such as sol-gel 
process. 
 
Glasses of various compositions were synthesised via the sol-gel process in the 
beginning of the 1990s [7, 8]. The sol-gel process could be completed at room 
temperature. To study the dependence of the bioactivity on the glass composition, Li 
et al. [7] synthesised sol-gel derived glass with a range of compositions (Si content 
50-95 mol%) and proposed the first sol-gel derived bioactive glass 58S. Li et al. [7] 
also found that the bioactivity decreased as SiO2 concentration increased, which is 
similar to 45S5. The new synthesis protocol significantly improved the properties of 
bioactive glasses in terms of bioactivity and homogeneity compared to melt-derived 
bioactive glass. The comparison between the sol-gel and melt-derived bioactive 
glasses is reviewed in Section 2.1.4. 
 
The bioactivity tests of 58S show that the phosphate component in the glass was 
rapidly dissolved after immersion [8, 11] and the phosphate was thus removed from 
sol-gel derived bioactive glass. Phosphate-free binary sol-gel glasses 70S30C were 
found to form an HCA layer in simulated body fluid (SBF) at a similar rate to similar 
ternary compositions containing phosphate (58S) [12, 13]. NovaThera Ltd. (a wholly 
owned subsidiary of MedCell BioSciences Ltd.) adapted the process and developed 
TheraGlass with the same composition of 70S30C. 
 
Bioactive glass foam scaffolds 
Specific applications, such as large bone defect repair, need porous scaffolds to 
enhance tissue regeneration by enabling cell migration and blood vessel ingrowth. 
Bioglass cannot be sintered without it crystallising [10, 14, 15] (narrow window 
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between the temperatures of glass transition and crystallisation) and Bioglass 
scaffolds are thus difficult to fabricate. This triggered the development of sol-gel 
derived bioactive glass foam scaffolds. As a scaffold for bone regeneration 
applications, a number of aspects are critical. For example, interconnected 
macropores (interconnectivity larger than 100 µm) is needed to facilitate cell 
migration and angiogenesis (blood vessel ingrowth). The mechanical properties of the 
scaffold need to be similar to those of bone in order to physically simulate cellular 
activities. Jones et al. [1, 16] reviewed and summarised the general criteria for an 
ideal scaffold for bone tissue regeneration. 
 
Sepulveda et al. [9] first synthesised bioactive glass foams with pure silica 100S 
(although OH groups on the glass surfaces are not completely removed, hydrogen 
contents within all the glass systems in this thesis are neglected), 70S30C and 58S 
compositions. They introduced macropores by vigorously agitating the sol with the 
aid of a surfactant and trapping air bubbles into the system when the sol gelled. This 
was facilitated by reducing gelation time from 72 h to 10-15 min by using catalyst 
hydrogen fluoride (HF). Thin films between trapped air bubbles rupture and then 
drain away during gelation and heat treatment [1], which left the 100-500 µm 
macropores interconnected with >100 µm apertures. A bioactive scaffold with 
hierarchical porous structure, which contains both of the interconnected macropores 
and the inherent nanopores, was therefore synthesised. 
 
Great efforts were made to improve the bioactive glass scaffolds [17]. Jones and 
Hench [18] controlled the macroporosity of the scaffolds by adjusting the process 
temperature, surfactant and added water content. These modifications ensured the 
scaffolds fulfilled most of the criteria of the scaffolds for bone regeneration 
applications [1]. Jones [19] also found that the binary glass 70S30C was more 
susceptible to foaming compared to 58S [20]. This also contributed to stimulate the 
evolution from the tertiary to phosphate-free binary sol-gel derived bioactive glasses.  
 
Function expansion 
Extensive efforts have been made to expand the functionality of the glasses. 
Bellantone and Hench [21] investigated the anti-bacteria potential of sol-gel derived 
bioactive glass system. They incorporated silver to test the anti-bacteria action and 
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found that the silver doped bioactive glasses exhibited effective bacteriostatic effects. 
In addition to anti-bacterial functions, the nanoporous sol-gel derived glass was also 
used to deliver bioactive proteins [22]. Lenza et al. [23] modified the surface of sol-
gel derived bioactive glass scaffolds by introducing functional groups amine and 
mercaptan to the glass surfaces in order to enhance the protein attachment. However, 
the strong covalent bonds between the glass and the proteins could denature the 
proteins. 
 
The development of bioactive glasses made great contribution on bone regeneration 
applications. From the review of bioactive glass history, it can be concluded that the 
real driving forces for further bioactive glass development are the requirements for 
tissue regeneration applications. 
2.1.2 Traditional bioactivity mechanism for bioactive glasses 
In this section, the established bioactivity mechanism for bioactive glass is reviewed. 
Since the previous mechanism studies were based on bioactivity test systems, 
traditional bioactivity test systems are first introduced in this section. 
 
Traditional bioactivity test systems 
As reviewed in Chapter 1, Bioglass has attracted extensive attention [4] due to its 
unique bioactivity for bone applications, that is, the glasses spontaneously bond to 
local living bones without triggering the formation of fibrous tissue (defined as 
osteoconductive). In order to further enhance the performance of Bioglass and 
develop other osteoconductive and osteogenic materials, an understanding of the 
mechanism of the bioactivity at molecular level is required. However, the mechanism 
is extremely complicated in the real physiological environment, which leads to the 
development of simplified models in order to simulate the real environment. A simple 
and universal in vitro system for bioactivity tests, which can be used to quickly assess 
material candidates before complicated tests are conducted, was needed. 
 
After the invention of Bioglass®, Tris (hydroxymethyl) aminomethane buffer solution 
(TBS) was used to simulate physiological environment in order to study the 
mechanism of Bioglass® bioactivity [24, 25]. In the 1980s, Kokubo et al. [26] 
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proposed simulated body fluid (SBF). SBF that replaced TBS, which has nearly 
identical inorganic content to blood plasma, was widely used to study the bioactivity 
mechanism of bioactive glasses [27-30]. The details to prepare SBF are shown in a 
recent review paper of Kokubo and Takadama [31]. 
 
As introduced in Section 2.1.1, crystalline hydroxyl carbonate apatite (HCA), which 
has a similar structure to bone mineral, was found to form on the Bioglass® after it 
was immersed in SBF for 2 h [5]. The HCA was believed to form on Bioglass® in the 
real physiological environment and to be the key factor in the bonding between 
implanted Bioglass® and local bone tissue by interlocking with collagen fibrils. HCA 
formation in SBF then became a widely recognised standard to evaluate the 
bioactivity of candidate materials for bone regeneration [32].  
 
However, the over-simplicity and the validity of the system are contested. Recently, 
Bohner and Lemaitre [33] published a leading opinion review paper in Biomaterials, 
in which the arguments against the SBF system was summarised. Two main points 
were made in the paper: firstly, there is not enough scientific evidence to support the 
correlation between the apatite formation in SBF and bone bonding in vivo. Secondly, 
even if the correlation exists, the SBF system can be improved (for example, the lack 
of biological factors). Materials that resulted in HCA formation in SBF and failed to 
bond to bone in vivo were taken as examples [34, 35] to support the opinions against 
SBF. 
 
Theory for traditional bioactivity mechanism: chemical reactions 
A theory for the bioactivity mechanism was developed based on the SBF-HCA 
system [5]. The bioactivity mechanism suggested by Hench consists of two parts: 
chemical reactions and biological reactions [5]. Clark et al. [24, 36] first proposed the 
first 5 stages of bioactivity process, which were similar to aqueous glass corrosion. 
When a glass reacts with an aqueous solution, both chemical and structural changes 
occur as a function of time on the glass surface [36]. Calcium and phosphate deposit 
on the glass surface and an HCA layer is formed. Hench [5] then proposed biological 
reaction stages involved in forming the bonds between the HCA layer and tissue, the 
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last 6 stages of bioactivity process (discussed later in this section). The suggested 5-
stage process leading to HCA formation is: 
 
1. Metallic ions Na+ and Ca2+ exchange with H+ or H3O+ in solution, which causes the 
hydrolysis of the silica groups and creates silanol groups (as shown in Equation 2.1) 
[37]; 
 
Si-O-+Na + H2O → Si-OH + Na+ +OH-    Equation 2.1 
 
The pH value of the solution increases due to the replacement of H+ in the solution by 
the cations from the glass. 
 
2. The cation exchange increases the OH- concentration (the pH) of the solution, 
which results in silica network dissolution. The hydrolysis of Si-O-Si bonds results in 
the continuous formation of silanol (Si-OH) groups at the silica-solution interface. 
The silica network was broken into Si(OH)4 and released into the solution (as shown 
in Equation 2.2): 
 
Si-O-Si + H2O → Si-OH + HO-Si     Equation 2.2 
 
3. As silanol group density increases, condensation and repolymerisation takes place 
within adjacent silanol groups to form a SiO2-rich gel layer on glass surface with low 
concentration of metallic cations (as shown in Equation 2.3): 
 
Si-OH + HO-Si → Si-O-Si + H2O     Equation 2.3 
 
Defected and strained silica rings then form, which provide a large number of 
heterogeneous nucleation sites for Ca-P deposition. 
 
4. Calcium and phosphate ions in the solution diffuse to the surface through the SiO2-
rich layer and form a CaO-P2O5-rich layer on top of the SiO2-rich gel, which is 
followed by the growth of the amorphous CaO-P2O5 film. 
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5. The amorphous CaO-P2O5 layer crystallises to form a mixed HCA layer by 
interacting with OH- and CO32- anions from the solution. 
 
The reactions occurred very rapidly [38]. The bioactivity process is vital for the 
bioactive glasses since this process relates to a large number of glass properties and 
applications. The first stage of bioactivity process determines the delivery of 
functional ions incorporated in glass network such as calcium and antibacterial silver 
ions [21, 39]. The dissolution of Ca and Na ions would further determine the 
dissolution and the bioresorbability of the whole implanted system. 
 
More recently, advanced probes have been used to further study the formation of 
HCA on sol-gel glasses. The theory of the inorganic reactions above was confirmed 
with various techniques, which are detailed in Section 2.3.3. 
 
As mentioned in Section 2.1.1, the bioactivity depends on glass composition. 
However, the traditional bioactivity theory cannot explain the relationship between 
the composition and the bioactivity. Hill [40] proposed an alternative view on glass 
bioactivity, which is based on glass network connectivity rather than glass 
composition. The network connectivity is the mean number of bridging oxygen, 
which bridges two Si atoms, connecting to each Si atom. Hill [40] suggested that it is 
the glass network connectivity that determines the bioactivity instead of the 
composition. Glass network modifiers such as sodium and calcium reduce the 
network connectivity and facilitate the water access to the network, which accelerate 
glass dissolution and in turn improve bioactivity. 
 
Theory for traditional bioactivity mechanism: biological reactions 
As mentioned earlier in the section, the lack of biological factors is one of the key 
concerns regarding the imperfection of the systems. Further to the first 5 staged of 
(chemical reactions) the bioactive process, Hench [5] proposed biological reactions 
involved in forming the bonds to bone, the last 6 stages of bioactivity process. The 
reactions are shown below: 
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6. Adsorption and desorption of biological growth factors, in the HCA layer, which 
continues throughout the process (steps 7-11) to activate the differentiation of stem 
cells. 
 
7. Actions of macrophages to remove debris from the site allowing cells to occupy 
space. 
 
8. Attachment of progenitor cells, such as mesenchymal stem cells, on the bioactive 
surfaces. 
 
9. Differentiation of stem cells to form bone growing cells, such as osteoblasts. 
 
10. Generation of extracellular matrix by the osteoblasts to form bone. 
 
11. Crystallisation of inorganic calcium phosphate matrix and bone cells are enclosed 
in a living composite structure of bone mineral and collagen extra-cellular matrix. 
 
The bioactivity process summarised by Hench has provided an invaluable guide for 
researchers to explore the bioactive mechanism. However, the evidence for Stage 6-
11 is not sufficient due to the complications of the biological reactions. The 
interactions between the chemical reactions and biological reactions were not 
considered in the 11-stage traditional bioactive mechanism. Materials are covered by 
proteins soon after implantation [41, 42] and the adsorbed proteins play a key role to 
direct cellular activities for bone bonding via the interactions with integrins. Protein 
adsorption could therefore occur prior to the HCA formation and interfere with HCA 
formation. Apatite growth on Bioglass® has been reported to be significantly 
inhibited with 10% serum incorporated in SBF [43]. It is therefore one of the aims of 
this thesis to investigate the relationship between proteins and apatite growth (Chapter 
7). 
2.1.3 Biological effects of bioactive glass 
In addition to the HCA formation (inorganic effects), bioactive glasses also have 
biological effects, which are also critical for the bioactivity of the glasses [44]. The 
biological effects can be divided into osteoconductive and osteoinductive effects. The 
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osteoconductive effects refer to the stimulation of bone growth along the material 
surface. Bioglass® is able to exert bioactive effects not only via the HCA formation 
but also via adsorbed proteins (detailed in Section 2.6.5). The osteoinductive effects 
are that the bioactive glasses enhance bone regeneration via their dissolution products, 
which can exert genetic effects on cells. 
 
The dissolution products from the bioactive glasses enhance bone regeneration by 
interacting with the genes of cells [45]. The dissolution products can enhance the bone 
regeneration in two ways: by enhancing relevant gene transcripts of osteogenetic cells 
such as osteoblasts [6] and by enhancing the differentiation of stem cells into 
osteogenetic cells [46]. The characterisation of the biological effects is reviewed in 
Section 2.3.3. 
 
Since bone regeneration is cellular activities rather than inorganic reactions, Hench 
[44] stated that the HCA formation is not the only key stage for new bone formation. 
The osteoinductive effects of the bioactive glasses play a key role for bone growth, 
which is derived from the dissolution products of the glass (the ions of silicon and 
calcium). However, the osteoinductive effects at molecular level are much more 
complex and challenging to ascertain compared to the chemical reactions occurring in 
SBF solutions. More efforts are thus needed to make the bioactive mechanism 
understood. 
2.1.4 Comparison between sol-gel and melt-derived bioactive glass 
In this thesis, sol-gel derived bioactive glass is focused on. In this section, the 
properties of sol-gel derived and melt-derived bioactive glasses are compared 
regarding three aspects: composition, processing and structure. 
 
As reviewed in Section 2.1.2, bioactive composition of melt-derived bioactive glass is 
limited within a small range. However, sol-gel derived glass shows higher bioactivity 
for similar composition and the bioactive composition range is significantly extended 
[11]. The sol-gel derived glasses were still bioactive when SiO2 reached 90 mol%. In 
contrast, melt-derived glasses are bioinert if their silica content exceeds 60 mol%. 
This is due to the more rapid ion release of sol-gel derived glass compared to melt-
derived bioactive glass (detailed later in this section). 
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As reviewed in Section 2.1.1, the process temperature of sol-gel derived bioactive 
glass is much lower than that of melt-derived bioactive glass. The lower process 
temperature enables the complete mixture (via agitation before gelation, detailed in 
Section 2.2.1 and 2.2.2) and significantly improves the homogeneity [5, 38]. The 
lower process temperature also enables the removal of the sodium from the glass 
system (as mentioned in Section 2.1.1, sodium can decrease the melting temperature 
of 45S5 but has negative effects on cellular activities). 
 
The inherent nanoporosity makes sol-gel derived bioactive glass superior to melt-
derive glass from various aspects. Firstly, nano-texture enlarges surface area per unit 
mass by two orders of magnitude compared to that of melt-derived glasses [11]. The 
higher surface area results in higher dissolution rate, which was characterised by 
Sepulveda et al. [47] and the higher dissolution rate improves the bioactivity via 
enhancing Ca-P deposition according to the traditional bioactivity mechanism. In 
addition, since the dissolution products are released more quickly, sol-gel derived 
bioactive glass could be more osteoinductive (Section 2.1.3). Secondly, the 
nanotexture of the sol-gel derived glass could potentially reserve the natural 
conformation of proteins after protein adsorption for protein delivery purposes. This is 
detailed in Section 2.6.2. Thirdly, the potential effects of the nanotopography to 
enhance cellular interactions have been proven with model nanoporous surfaces [48-
50]. 
 
The disadvantages of the sol-gel derived bioactive glass, compared to the melt-
derived bioactive glass, are mainly derived from the sol-gel process. The synthesis 
process is significantly prolonged compared to melt-derived bioactive glass. During 
the drying stage of the sol-gel process (the sol-gel process is detailed in Section 2.2), 
drying failure of glass scaffolds can occur due to capillary stresses in nanoporous 
glass monoliths. This could decrease the efficiency of large-scale manufacture. 
2.2 Synthesis of sol-gel glass 
The synthesis technique of sol-gel derived glass 100S, which has been used since the 
mid-1800s [51], was developed prior to the 58S [7] and 70S30C compositions [8]. 
The sol-gel process involves a transition from sol (a fluid suspension of colloidal 
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particles) to gel (the colloidal particles aggregated and became non-fluidic) and 
finally to glass. The process consists of 5 stages, which are mixing, casting, ageing, 
drying, and stabilisation. All the stages are detailed in this section regarding 
mechanism and the factors that affect the reactions. Since scaffolds are not used in 
this project, the sol-gel process discussed in this section is the synthesis protocol for 
sol-gel derived glass monoliths. Silica is focused on from Section 2.2.1 to 2.2.5 and 
other glass components are focused in Section 2.2.6. 
2.2.1 Mixing 
The mixing stage is the first stage of sol-gel process, during which silica precursors, 
alkyl silicates, are mixed with water. The pH of the mixture is controlled by adding 
acid or base, which also acts as a catalyst for the sol-gel transition. Two primary 
reactions take place during the mixing stage: hydrolysis and condensation. The two 
reactions are illustrated by the equations 2.4 and 2.5 (Tetraethylorthosilicate, TEOS, 
was taken as an example for alkyl silicate). In the hydrolysis reactions, an alkoxy 
group is replaced by a hydroxyl group and the alkyl silicate precursor became silicic 
acid after 4-step hydrolysis as shown in Equation 2.4. In the condensation reactions, 
the hydrolysed silanol groups condensed to form Si-O-Si bonds as shown in Equation 
2.5. The condensation reactions could also occur between silanol groups before the 4-
step hydrolysis of individual alkyl silicate molecule is completed (not shown). 
 
Si (OC2H5)4 + 4 H2O → Si (OH)4 + 4 C2H5OH   Equation 2.4 
 
Si (OH)4 + Si (OH)4 → (HO)3 Si-O-Si (OH)3 + H2O   Equation 2.5 
 
The kinetics of the hydrolysis and condensation reactions could be controlled by a 
number of factors such as the pH of the mixture. When the pH is smaller than the 
isoelectric point (IEP) of TEOS, the hydrolysis reactions are completed very fast at 
the beginning of process [51], which did not limit the rate of the condensation 
reactions. When the pH is larger than the IEP of TEOS, the condensation reactions are 
accelerated and the rate of the hydrolysis reactions determines the rate of the 
condensation reactions. Both of the hydrolysis and condensation reactions always 
occurred simultaneously. The control of hydrolysis and condensation reactions is 
discussed in Section 2.4.3. 
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2.2.2 Casting and gelation 
In the casting stage, the mixture is cast into moulds and left at room temperature for 
72 h (termed as gelling stage in traditional sol-gel process [51]). The hydrolysis and 
condensation reactions continue in this stage. During the mixing and the casting stage, 
the condensed silica species formed colloidal particles, the structural units of the sol. 
Many techniques were applied to characterise these particles (reviewed in Section 
2.3.1). 
 
The gelling point is defined as the critical point at which the fluidic sol transits into 
non-fluidic gel, a 3D network of colloidal particles. At the gelling point, the colloidal 
silica particles become interconnected. The gelation has been characterised using 
various techniques, which are reviewed in Section 2.3.1. 
 
The gelation rate depends on the condensation rate, which is determined by a number 
of factors such as the medium pH, colloidal particle concentration in the sol and 
temperature. Whether the gelation could occur either during the casting stage (72 h at 
room temperature) or during the ageing stage (Section 2.2.3). 
2.2.3 Ageing 
In the ageing stage, the gel, if the gelation did occur during the casting stage, is 
maintained in the pore liquor and heated at approximately 60 ºC for 72 h in sealed 
containers. More condensation reactions continue during the ageing stage and the gel 
structure is strengthened. As the network connectivity increased, the gel shrinks and 
expels part of the pore liquor. 
 
Temperature, pressure and pH are all important factors that can affect the ageing 
process [51] by modifying the rate of the condensation reactions. The effects of the 
factors have been extensively studied by researchers [51, 52]. Researchers modified 
the nanotexture of the glass by modifying the factors during the ageing stage and the 
relevant studies are reviewed in Section 2.4. 
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2.2.4 Drying 
In the drying stage, the pore liquor is evaporated and removed from the gel via 
specific heat treatment [51]. The drying stage can be divided into three sub-stages. 
During the first sub-stage, significant shrinkage takes place and the decreased volume 
equals the evaporated liquid volume. This is resulted from the effects of capillary 
condensation derived from the nanopores in the gels. The nanopores are compressed 
during the pore liquor evaporation and the meniscus of the liquor remains at the 
surface throughout this stage. This sub-stage is termed “the constant rate period” in 
the classic large pore gel system [51]. 
 
The second sub-stage of the drying stage started at the “critical point”, at which the 
contact angle of pore liquid approaches zero and the radius of the meniscus equals 
pore radius [51]. The liquor meniscus starts to move inward and penetrates the gel 
during this stage. The gel becomes opaque due to the light scattering from the emptied 
nanopores [53]. 
 
At the end of the second sub-stage of the drying stage, most of liquid has been 
removed in previous stages. The pore liquor cannot sustain itself at the surface of the 
gel. The remaining liquid evaporated within the pores and vapour is transported by 
diffusion in the final sub-stage [51]. 
2.2.5 Stabilisation 
In the stabilisation stage, the stability of the silica gels is improved by heat treatment 
at higher temperatures (usually above 600°C). The stabilisation can be divided into 
chemical and thermal stabilisation. The chemical stabilisation is to decrease the 
silanol group density on the gel surface to prevent re-hydroxylation whereas the 
thermal stabilisation is to reduce surface area to improve structure stability [51]. 
 
The heat treatment during the stabilisation can be divided into several sub-stages 
according to the heating temperature. Between room temperature and 170 °C, 
physically adsorbed water is removed [54], which is reversible. Water can re-adsorb 
onto the silica surface if temperature is reduced to room temperature. When the 
temperature exceeds 170 °C, the surface adjacent silanol groups start to condense, 
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which is also reversible up to 400 °C. Irreversible stabilisation takes place when the 
heating temperature is higher than 400 °C. Viscous flow occurs and results in the 
fusion of the secondary particles (nanostructure units of the gels, introduced in the 
casting stage, Section 2.2.2) and the decrease of the surface area, which is driven by 
the decrease of surface energy [54]. If the temperature reaches 800 °C, the majority of 
the surface hydroxyl groups are removed and only isolated hydroxyl groups remain. 
The density of silica gel increases as the stabilisation temperature increases. This is 
due to the viscous flow when the temperature increases above the glass transition 
temperature [51]. 
 
The removal of the hydroxyl groups stabilises the gel system because water prefers to 
adsorb onto hydroxyl group clusters rather than isolated hydroxyl groups and starts 
hydrolysis [55]. The amount of physically adsorbed water onto silica gel surface 
directly relates to the amount of the existing hydroxyl groups [54]. Therefore, after 
800 °C treatment, most physical water was removed from silica gel surface. Hair [56] 
proposed that if all of hydroxyl groups were removed, there would be theoretically no 
water physically adsorbed on silica gel surface.  
2.2.6 Multi-component sol-gel process 
The evolution of silica through the sol-gel process has been extensively studied. 
However, most of the bioactive glasses have multiple components and few studies 
focused on the evolution of the components other than silica throughout the sol-gel 
process. In this thesis, the binary bioactive glass 70S30C is focused upon. 
 
In binary bioactive glass 70S30C, calcium nitrate was used as the precursor for 
calcium and added into the sol after the mixture of silica precursor and water. The 
calcium nitrate was dissolved and hydrolysed in the sol. Saravanapavan and Hench [8] 
investigated the relationship between the calcium concentration and nanopore sizes by 
comparing the nanopore sizes of binary bioactive glass with different calcium 
contents. They found that more calcium content enlarged the nanopores. However, the 
mechanism underpinning the relationship was not investigated. Few studies focused 
on the evolution of calcium incorporation and distribution during the ageing, drying 
and stabilisation stages. This is thus an aim of this thesis (Chapter 3). 
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Since the importance of nanostructure of the sol-gel glasses was demonstrated in 
Section 2.1.3 and 2.1.4, it is critical to ensure the homogeneity of the nanostructure 
within the glass monoliths. Since the calcium content of the glass affects the nanopore 
sizes of the glass [8], the homogeneity of calcium distribution and how to improve the 
homogeneity are also critical. This is thus another aim of this thesis (Chapter 4). 
2.3 Characterisation of sol-gel derived glass 
It is critical to understand how the synthesis conditions during the sol-gel process 
affect the nanostructure of the sol-gel derived glass. It is also critical to understand 
how the nanostructure of the glass interacts with cells in the physiological 
environment. To understand these mechanisms, great efforts have been made by using 
various techniques to characterise the nanostructure development during the sol-gel 
process, the nanostructure after the synthesis and the bioactivity of the glass. All of 
these aspects are reviewed in this section. The results obtained by the 
characterisations provided a platform for the further studies on the mechanism 
regarding the bioactivity of the sol-gel derived glass. 
2.3.1 Characterisation during the sol-gel process 
As mentioned in Section 2.2.2, the nanostructure evolution of 100S before gelation 
was focused on by previous researchers, who used various techniques such as solid 
state nuclear magnetic resonance (NMR) [57-59]. 
 
According to previous studies, the sequence of nanostructure evolution before the 
gelation is from condensed silica species to primary particles, to secondary particles, 
to the silica gel (the connection between the secondary particles, Section 2.2.2). At the 
beginning of the mixing stage, numerous condensed Si species were generated, which 
were resulted from the condensation reactions of TEOS. Since NMR spectroscopy is 
able to identify the condensed silica species due to specific chemical shifts, it is very 
useful to characterise the structure evolution during the mixing stage. In addition, 
NMR can also semi-quantify the composition of silicon atoms Qn [57], which 
represents one Si atom connects to n bridging oxygen atoms (one bridging oxygen 
atom connect to 2 Si atoms). By attributing the condensed species [58, 59], the 
composition of Q2, Q3 and Q4 could in turn be used to track the condensation 
reactions and calculate the network connectivity of silica. 
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Orcel and Hench [60] investigated the effects of acid catalysis and formamide 
additive on silica system by using 29Si NMR. By plotting the variation of the 
concentration of the species of interest from the NMR data as a function of time, the 
rate constants for hydrolysis and condensation reactions of the alkyl silicate were 
calculated. Engelhardt et al. [61] first utilised NMR to study the condensation of silica 
at high pH value. Their results show a typical sequence of the condensed Si species: 
monomer, linear trimer, cyclic trimer, cyclic tetramer, and a higher order generation 
of discrete colloidal particles. 1H NMR was also used to distinguish hydroxyl groups 
and physically adsorbed water [62]. The quantification of H content with 1H NMR 
can be used to characterise the density of OH groups on the surface of the glass [62].  
 
The colloidal particles were also found by Himmel et al. [63] and they were named as 
primary particles. They found the diameter of the particles was approximately 1.0 nm 
by using small- and wide-angle X-ray scattering techniques. They also found that the 
primary particles rapidly clustered into the chain-like secondary particles, the 
diameter of which was approximately 6.0 nm. Raman spectroscopy was also used to 
investigate the gel-glass structure and assess qualitatively the size of particles and the 
structure at the gelling point [51]. Orcel et al. [64] used multiple techniques, which 
included Raman spectroscopy, and Mo acidic test, to characterise the primary and 
secondary particles. Generally, they confirmed the conclusion of Himmel et al. except 
that the diameter of the primary particles obtained by them was approximately 2 nm 
[64] instead of 1 nm. At the gelling point, the secondary particles aggregated into a 
3D gel network [64]. However, the primary or secondary particles have not been 
visually confirmed by microscopy. Kelts et al. [65] confirmed the condensation 
reactions during the ageing stage by using 29Si NMR and results showed that Q3 and 
Q4 species (and therefore network connectivity) increased. 
 
The dried silica samples before the stabilisation heat treatment were characterised by 
using electron microscope techniques such as transmission electron microscope (TEM) 
and scanning electron microscope (SEM). Brinker et al. [66] used TEM to observe the 
nanostructure of acidic- and basic- catalysed sol-gel derived 100S, which contained 
different sizes of nanoparticles: smaller than 1 nm for acidic-catalysed 100S and 
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approximately 10 nm particles for basic-catalysed 100S. Brinker et al. also used SEM 
to observe the silica gel prepared by flame oxidation of SiCl4 [66]. However, the 
nanoparticle structure was not shown by the SEM images due to the poor resolution. 
 
High energy X-ray techniques such as SAXS and WAXS are also very useful for 
ultra-structure investigation. SAXS and WAXS were used by Fitzgerald et al. [67] to 
study the stabilisation stage of sol-gel derived bioactive glass. Differential thermal 
analysis (DTA) and thermal gravimetric analysis (TGA) were used to monitor the 
reactions during the heat treatment in the stabilisation stage [17]. 
2.3.2 Characterisation after synthesis 
Nanostructure 
Regarding the properties of the nanoporous materials after the sol-gel process 
synthesis, most attention was focused on the nanoporosity of the glass. The most 
common porosity analysis techniques are mercury porosimetry and nitrogen sorption. 
Westermarck completely compared these two techniques in her thesis [68]. Since 
nitrogen sorption is non-destructive (mercury porosimetry is destructive) and ideal for 
the nanopore size range between 2 to 50 nm, it has thus been commonly used to 
characterise the nanoporosity of the sol-gel derive glasses. The specific surface area 
and the nanopore size distribution of the glass can be obtained by using nitrogen 
sorption with the protocols of Brunauer Emmett Teller (BET) [69] and Barrett Joyner 
Halenda (BJH) [70], respectively. Apart from nitrogen sorption, helium pycnometry 
was also used to characterise the nanostructure by measuring the skeletal density of 
the glass [71]. 
 
Sepulveda et al. [11] compared the nanoporosities of melt-derived 45S5 and sol-gel 
derived 58S by using nitrogen sorption. They also compared the skeletal density of 
the glasses by using helium pycnometry and emphasised the effects of the 
nanoporosity on the bioactivity (Section 2.1.4). Saravanapavan and Hench [72] 
discussed the nanoporosity of 70S30C based on nitrogen sorption results. They used 
the principle proposed by Sing et al. [73] that allocate pore morphologies to particular 
shape of the nitrogen sorption isotherms. They concluded that all the nanopores of 
70S30C were cylinders according to the shape of the nitrogen sorption isotherms of 
the glass [73]. However, when this was done, electron microscopy was not advanced 
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enough to verify the isotherm allocations. The conclusions were thus based solely on 
isotherm shapes rather than on microscopy. 
 
More recently, Zhao et al. [74] utilised TEM to observe the nanostructure of silica 
synthesised with liquid crystal templates and the glass showed high-ordered 
nanoporosity. The nanotexture of sol-gel 58S and melt derived bioactive glass 45S5 
was compared by using SEM [11]. However, due to the poor resolution of SEM, the 
pore shape of sol-gel derived glass 58S or 70S30C was not revealed and few studies 
focused on the nanoporosity of these glasses with effective microscope techniques. 
An aim of this thesis is to visually determine the nanostructure evolution during the 
sol-gel process and to discuss nanopore shape (Chapter 3). 
 
Calcium incorporation and distribution 
As mentioned in Section 2.2.6, the distribution of components other than Si (such as 
Ca) is also important regarding the nanostructure homogeneity of sol-gel derived 
glass. Pereira et al. [75] found the inhomogeneity of calcium distribution in 58S. 
Saravanapavan and Hench [8] used scanning electron microscopy with energy 
dispersive X-ray analysis (SEM-EDX) to quantify the calcium distribution in 70S30C 
monolith samples (cylindrical discs with 5 mm of diameter and 3 mm of thickness) 
and found that the calcium concentration at the edge of the monoliths was higher than 
that at the centre of the monoliths. 
 
Further analysis of the glass structure required the used of advanced probes such as 
diffraction techniques and solid state NMR. Fitzgerald et al. [67] studied the 
stabilisation stage of sol-gel derived bioactive glasses and they reported that calcium 
nitrate crystals grew during the stabilisation stage and reached the maximum 
dimension at approximately 400 °C. Nitrate was removed by heat treatment during 
stabilisation process since nitrate thermally decomposes at temperatures above 550 °C, 
which was detected by using DTA and TGA [8]. The chemical environment of 
calcium in 70S30C was studied by Newport et al. [76] by using neutron diffraction 
techniques and they proposed that the calcium was loosely bound within the glass 
network. A model was established by Mead and Mountjoy [77] based on neutron 
diffraction techniques to simulate the local atomic structure of 70S30C. The model 
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indicated that the composition of sol-gel derived glass is homogeneous at atomic level. 
However, the model requires validation by experiments, which is one of the aims of 
this thesis to achieve (Chapter 3 and 7). 
2.3.3 Characterisation for bioactivity  
The bioactivity is one of the key properties of the bioactive glasses. Various 
bioactivity test systems have been developed including in vitro and in vivo systems. 
The in vitro systems can be divided into inorganic systems, acellular systems with 
biomolecules and cellular systems.  
 
Inorganic systems 
As introduced in Section 2.1.2, inorganic bioactivity test systems were developed to 
characterise the bioactivity of 45S5 and other bioactive materials. The biomaterials 
were tested by immersing in solutions such as SBF and TBS and the bioactivity was 
evaluated by measuring the HCA deposition on the material surfaces. Since the 
advantages and disadvantages of SBF and TBS systems are reviewed earlier, previous 
characterisation methods for these systems are reviewed in this section. 
 
Since the capacity to induce HCA deposition after immersion in SBF was widely 
accepted as bioactivity (Section 2.1.2), various techniques were used to characterise 
the growth of HCA [78] and the variation of relevant ions in immersion media. 
Fourier transform infrared spectroscopy (FTIR) is the most frequently used technique 
to chemically identify HCA deposition [1]. Other spectroscopic techniques such as 
XRD [79, 80] and Raman [81] were also used to characterise the crystallinity of HCA. 
The nanostructure of HCA crystals was also observed by using SEM [82, 83] and 
TEM [84]. EDX was also used to identify changes observed in surface topography of 
bioactive glasses was due to HCA layer [8, 83]. Inductively coupled plasma (ICP) 
analysis is the most common technique to quantify the variation of relevant ions (such 
as Si, Ca and P ions) in the immersion media (quantifying the concentration of the 
ions at a series of time points) [17]. The pH of the media was also monitored to 
quantify the rate of the ion exchange, the first stage of the bioactivity mechanism 
(Section 2.1.2) [85]. 
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More recently, advanced probes have been used to further study the formation of 
HCA on sol-gel glasses. Fitzgerald et al. [67] in situ monitored the formation of HCA 
layer on 70S30C scaffolds and found that the HCA crystals appeared to have 
preferred orientation in the (h,k,0) direction by using SAXS and WAXS. Newport et 
al. [76] built a bespoke testing chamber and applied high energy (synchrotron) X-ray 
diffraction techniques in situ to investigate the process of HCA layer formation on 
sol-gel derived bioactive glasses in SBF. By following the evolution of HCA 
crystalline, they pointed that disordered or poorly crystallised HCA was formed 1 h 
after immersion, which was restructured into a more ordered form, octacalcium 
phosphate after 5 h immersion. However, this ordered phase was disordered again 
after another 5 h, which then steadily developed into bone mineral-like ordered 
hydroxyl apatite. The timeline proposed by Newport et al. based on experimental 
results is comparable with the traditional bioactivity theory summarised by Hench 
(Section 2.1.2) [5]. Skipper et al. [86] also used high energy XRD, X-ray fluorescence 
(XRF) and Raman spectroscopy, and 17O and 31P NMR to track the atomic 
environment of Ca during the immersion of 70S30C in SBF. Rapid Ca release after 30 
min immersion in SBF and the later deposition of calcium phosphate were detected. 
 
As mentioned in Section 2.1.2, although the characterisation techniques based on the 
inorganic in vitro test systems were well developed and the bioactivity could be 
quickly evaluated, the systems cannot accurately simulate the real physiological 
environment. This is because the biological factors were not considered in these 
systems. Bohner and Lemaitre [33] pointed out the imperfection of the SBF-HCA 
system and reviewed literatures that supported their points [34, 35]. Improved systems 
that can simulate the real physiological environment more accurately were needed. 
 
Acellular systems with biomolecules 
As mentioned in Section 2.1.2, biomolecules in the physiological environment play a 
critical role. Proteins were thus incorporated into the bioactivity test systems by 
previous researchers to study the effects of proteins by comparing the HCA formation 
in inorganic media and media with biomolecules [87]. However, the system was very 
complicated to investigate the mechanism at molecular level regarding the 
interactions between proteins and apatite growth. 
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Radin et al. [43] incorporated 10% serum into tradition SBF solution to study the 
effects of proteins on HCA growth on 45S5. They found that the HCA formation was 
significantly inhibited in the presence of serum. The inhibitive effects were also found 
by Juhasz et al. [34], who compared the apatite growth on various types of calcium 
phosphate ceramics (hydroxyapatite, β-tricalcium phosphate and brushite) in both 
SBF and human blood serum. These results reinforced the inhibitive role of serum 
proteins on the bioactive mechanism of the bioactive glass. Paiva et al. also used 
atomic force microscope (AFM) to study the effects of albumin on the calcium 
phosphate precipitation on bioactive glass [88]. However, their results showed that 
albumin enhanced glass mineralisation. The confliction between the results indicates 
the complicated effects of proteins on HCA deposition. 
 
In order to explain the interactions between relevant proteins and bone mineralisation, 
biologists and biochemists have made great efforts to investigate the mechanism. 
Kaufmann et al. [89] investigated the inhibitive effects of the proteins by using AFM 
and Rutherford backscattering spectrometry (RBS). They explained the inhibitive 
effects of protein were because the rapidly adsorbed protein layers served as a 
protective layer, which separated the biomaterials from the aqueous medium. Benesch 
et al. [90] reviewed the effects of proteins on apatite growth. They summarised the 
effects of proteins on apatite deposition can be divided into effects on crystal 
nucleation and effects on crystal growth. Both the conformation of adsorbed proteins 
and the concentration of the proteins in media have different effects on the apatite 
formation. More details on the interactions between proteins and apatite are reviewed 
in Section 2.6.5. 
 
Since complicated cellular activities are involved in bonding to bone, it is difficult to 
use acellular systems to simulate the bioactivity process of the bioactive glasses. 
Cellular systems were thus used to further investigate the bioactivity mechanism. 
 
In vitro cellular systems 
In order to accurately characterise the bioactivity of the bioactive glass, researchers 
studied the interactions between cells and the glass by culturing
40 
 
dissolution products of bioactive glass or directly culturing cells on the glass. The 
bioactivity were assessed in terms of various cellular activities, which include cell 
death, cell viability, cell migration, cell proliferation, cell differentiation and mineral 
nodule formation. Jones [91] reviewed the cell culture characterisation systems for 
bioactive glasses and divided the systems into 2D and 3D cell-glass interaction 
systems because cell responses could vary significantly between 2D and 3D 
interactions [92-94]. 
 
The effects of the dissolution products of Bioglass® 45S5 on the gene-expression 
profile of human osteoblasts was investigated by Xynos et al. by using cDNA 
microarray analysis of 1176 genes. Their results showed that the treatment with the 
dissolution products of Bioglass® 45S5 increased the levels of 60 transcripts that are 
involved in bone regeneration two-fold or more [6]. Tsigkou et al. [95] found the 
formation of mineralised bone nodules by treating fetal osteoblasts with the release 
product of 45S5. Bielby et al. [46, 96, 97] demonstrated that the derivation of 
osteoblasts from pluripotent human embryonic stem cells was enhanced by the 
dissolution products of 58S by monitoring mineralised tissue formation both in vitro 
and in vivo. 
 
Previous researchers also directly cultured cells onto bioactive glass scaffolds. Silver 
et al. [98] cultured murine osteoblasts on various bioactive glass particles (90-150 µm) 
including 45S and 58S. They compared the effects of the glasses on the osteoblasts by 
quantifying cell metabolism and cell viability. They found that the release products of 
the glasses enhanced various cellular activities such as proliferation and 
differentiation. Gough et al. [99] cultured human osteoblasts on 58S scaffolds and 
characterised the nodule formation and mineralisation of the cells on the scaffolds. 
They found that the mineralisation depended on the concentration of the release 
products of the glass and high concentration of the release products could cause 
apoptosis. Jones et al. [100] investigated the interactions between macroporous 
70S30C scaffolds and primary human osteoblasts and found the phosphate-free glass 
scaffolds enhanced various cellular activities including cellular growth, differentiation 
and mineralisation. 
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Various techniques that were used to characterise cells were also reviewed by Jones 
[91]. Biochemical assays such as enzyme-linked immunosorbent assays (ELISA), 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a tetrazole) 
assays and Lowry method are commonly used to characterise cellular activities. For 
imaging techniques, AFM was used to image cells on flat surface of glass discs in air 
or culture media [101]. SEM is particular useful to observe cell morphology and the 
topography of the glasses that cells anchor on [91]. Cellular morphologies can 
indicate the bioactivity of the glass. Confocal microscope is also a frequently-used 
tool to characterise cells. Parts of the cells can be labelled with fluorescent stains in 
order to live-monitor cellular activities [91]. Micro-Raman spectroscopy systems can 
also be used to invasively monitor cell activities in situ. Detailed cellular activities can 
be obtained by analysing relevant proteins extracted from the Raman spectra [102].  
 
In vivo systems and clinical tests 
Although the accuracy of in vitro cellular systems in terms of simulating the real 
physiological environment was significantly improved compared to previous systems, 
these systems cannot cover all the issues in the real physiological environment. 
Researchers thus developed in vivo models to further characterise the bioactive 
glasses. 
 
Oonishi et al. [103] compared the bioactivity of 45S5 with hydroxyapatite in vivo. 
Bioglass® was found to be haemostatic and allow full restoration of bone in 2 weeks, 
which was superior to hydroxyapatite. Abiraman et al. [104] implanted sol-gel 
derived bioactive glass-ceramic systems into rabbits and characterised the bioactivity 
by observing the histology. The sol-gel bioactive glass granules were proved to be 
resorbable and enhance bone formation. Andrade et al. [105] compared the bioactivity 
of collagen and collagen coated with bioactive glass by implanting them 
subcutaneously into rabbits. They found vascularisation was higher in the glass-
coated collagen implants compared to glass-free group.  
 
Before bioactive glass was commercialised, clinical tests were required. Great efforts 
were thus made to clinically confirm the validity of the bioactive glass [106-108]. 
Melt-derived Bioglass® 45S5 particles have been approved by Food and Drug 
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Administration (FDA) and the particles have been used for a number of applications, 
e.g. periodontal (Perioglas®) and orthopaedics (NovaBone®), as a bone defect filling 
material. 
2.4 Modification of sol-gel derived glass 
Since the nanoporosity of sol-gel derived glass has effects on the interactions between 
the glass and cells [109], an aim of this thesis is to understand how the nanopores are 
created in the sol-gel process and develop new methods to tailor the pore size. 
Various techniques to modify sol-gel derived glass are reviewed in this section. 
2.4.1 Heat treatment 
Heat treatment is a very common protocol to modify the nanoporosity of sol-gel 
derived glass. Densification takes place during heat treatment. Hench and West [51] 
systemically reviewed the densification mechanism of sol-gel derived glass during 
heat treatment. Topological models were established to describe the nanoporosity 
evolution during the densification process. Data obtained from nitrogen sorption 
porosity analysis [110] and positronium decay analysis [111] were used to 
characterise the nanostructure. Viscous flow of silica at high temperatures was found 
to be primary mechanism of densification [112]. There were another three 
mechanisms of densification in addition to the viscous flow: capillary contraction, 
condensation and structure relaxation [113]. Smaller nanopores were the first to close 
during the densification, due to their small curvature radii that facilitated the local 
viscous flow [51]. However, the interconnectivity of relatively larger nanopores did 
not change even at the temperature higher than crystallisation point, 1000 °C [110]. 
This might be due to that local viscous flow is limited within the nanopores with 
small radii of curvature. 
 
Heat treatment after the sol-gel process was previously used to modify the bioactive 
glass nanostructure [17]. The sol-gel derived bioactive glass 70S30C foam scaffolds 
were sintered at 600 °C, 700 °C, 800 °C and 1000 °C for 2 h and the effects of 
sintering temperature were discussed [17]. Nitrogen sorption analysis results showed 
that the modal pore size was generally kept constant when the sintering temperature 
was 600 or 700 °C. The nanopore size was reduced from 17 nm to 12 nm after 2 h of 
sintering at 800 °C. From the DTA data, the glass transition temperature onset was 
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717 °C, indicating that viscous flow would occur above 717 °C. After the glass was 
sintered at 1000 °C, the nanoporosity was removed and the glass crystallised into 
wollastonite [17]. The effects of sintering periods were not mentioned in the study. 
 
Although the nanopore size can be tailored by sintering, the network connectivity of 
the glass was also changed since more condensation reactions took place during the 
sintering. This could decrease the bioactivity of the glasses. An aim of this thesis is to 
find methods of controlling pore size without increasing the network connectivity of 
the glass.  
2.4.2 Modification with templates 
Extensive efforts have been made to modify the nanoporosity of the traditional sol-gel 
derived glass with templates (the glass synthesised with standard sol-gel process 
reviewed in Section 2.2 is termed as traditional sol-gel derived bioactive glass in this 
thesis). Innovative materials with highly ordered tuneable nanopores were developed 
in 1990s by using liquid crystal templates with ionic surfactants (MCM series, pore 
size of 1.5-10 nm, [114]) and non-ionic surfactants (BCA series, pore size of 2-30 nm, 
[74]). 
 
Traditional sol-gel derived bioactive glasses 58S and 70S30C have a random or 
disordered nanoporous structure, that is, the size and shape of structural units are not 
uniform and the structural units (colloidal particles, Section 2.2.2) packed in a 
disordered way. Beck et al. [114] invented the highly-ordered periodic nanoporous 
silica by directing the condensation of the silica with liquid crystal templates. For 
MCM series materials, highly ordered ionic surfactant micelles were prepared prior to 
the addition of silica precursor. The micelles acted as silica network nanostructure 
templates to direct the formation of the highly-ordered nanostructure. The nanoporous 
structure was revealed by TEM images [115]. In spite of amorphous structure, the 
highly ordered structure resulted in striking peaks in XRD spectroscopy, which is due 
to that periodic nanopores [114]. Zhao et al. [74] utilised non-ionic copolymer 
surfactants as templates to synthesise highly ordered nanoporous silica, BCA series 
materials. The BCA series materials showed more stable hydrothermal properties 
compared to MCM series materials. The nanopore size and shape were manipulated 
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by adjusting the composition of surfactant copolymer. The nanopore size was further 
enlarged to 30 nm by using hydrophobic additives to increase the volume of 
surfactant micelles [74]. Trimethylethoxysilane (TMES) was used to decrease surface 
hydrophilicity of the MCM series of materials and stabilise surface OH groups from 
water molecules and hydrolysis [116]. 
 
Vallet-Regi et al. fabricated bioactive glasses (pore size 3-8 nm) by integrating 
calcium into the glass system based on the MCM and SBA series materials [117]. The 
TEM images showed that the highly ordered nanostructure was maintained after the 
incorporation of calcium. The bioactivity test results showed that the materials had an 
enhanced capacity to induce HCA formation after being immersed in SBF compared 
to traditional sol-gel derived bioactive glasses. This is due to the higher surface area 
of surfactant-templated materials. 
 
Materials derived from surfactant templates could be potentially used for a number of 
applications such as molecular sieves. One of limitations of this material for bone 
regeneration or biomedical implantation is that the synthetic procedure is complicated, 
time consuming and high-cost. In addition, since the highly ordered liquid crystal is 
sensitive for external agitation, the foamability of the surfactant-templated materials is 
poor, which could make tissue regeneration scaffold synthesis difficult. The 
incorporation of calcium into the system could also result in complications on highly-
ordered nanoporous structure. This thesis therefore concentrates on the traditional sol-
gel glass systems (70S30C). 
2.4.3 Modification during the sol-gel process 
As reviewed in Section 2.2, many process variables in the sol-gel process affect the 
final nanostructure of the glass, e.g. the pH of sol, the types of precursors and the 
conditions during the ageing and drying stages. All of these factors could be utilised 
to modify the nanoporosity of the glass. 
 
Yao et al. [118] synthesised nanoporous silica-alumina catalysts with controlled pore 
size distribution by applying ultrasound during the mixing stage instead of using 
templates or pore-regulating agents. The ultrasonic treatment modified the 
nanoporosity by modifying the size distribution of the colloidal silica particles. This 
45 
 
could be because the bonds within silica network were broken to obtain a stable sol. 
Van der Grift et a1. [52] significantly coarsened the silica gel by conducting the 
ageing stage in autoclave under the temperature higher than 100 °C. Saravanapavan 
and Hench [8] modified the nanopore sizes of the bioactive glass by controlling the 
composition of the glass (the content of calcium). The nanopore sizes were reported to 
increase as calcium content increased. 
2.4.4 Improvement on the homogeneity of Ca distribution 
As reviewed in Section 2.2.6 and 2.3.2, the calcium distribution within bioactive glass 
is critical and inhomogeneity of the calcium distribution was found. However, few 
studies focused on how to improve the homogeneity. 
 
Zhong and Greenspan [119] tried to improve the homogeneity of sol-gel glasses by 
removing expelled pore liquor (by-product of the condensation reactions) between the 
ageing and drying stages. However, the removal of the pore liquor reduced the 
calcium content of the glass monoliths since large amount of calcium was dissolved in 
the pore liquor. Pereira et al. [75] used calcium methoxyethoxide as precursors to 
improve the homogeneity of calcium distribution in 58S. Although homogeneity was 
improved, using a different precursor would require new upscaling procedures for 
commercialised and therefore is not ideal for TheraGlass® production. The calcium 
alkoxide could significantly increase the system pH and cause complications for the 
hydrolysis and condensation reactions. 
 
The lack of effective and proper methods to improve the homogeneity is because the 
mechanism of the inhomogeneity has not been fully investigated. An aim of this thesis 
is to understand the cause of the calcium inhomogeneity and improve the 
homogeneity while using the traditional calcium nitrate precursor (Chapter 4). 
2.5 Protein biology and characterisation techniques 
Since an important aim of this thesis is to investigate the interactions between proteins 
and sol-gel derived bioactive glass, basic concepts of proteins such as structures and 
functions are reviewed in this section. Fibrinogen is taken as model protein in Chapter 
6 and is thus reviewed in Section 2.5.3. Techniques to research protein interactions 
are also reviewed in this section. 
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2.5.1 Concepts of proteins 
Proteins are organic amphoteric polyelectrolyte molecules made of amino acids. The 
amino acids are arranged in linear chains and connected by peptide bonds between the 
carboxyl and amino groups of adjacent amino acids [120]. The amino acid sequence 
for a specific protein is unique and is determined by corresponding gene since 
proteins are translated from corresponding genes. 
 
Proteins play a critical role in organisms and participate in almost every biological 
reaction within cells. Proteins can be classified according to functions: enzyme 
protein, structural protein and special functional protein [120]. Enzyme proteins 
catalyse most biochemical reactions, which are vital to physiological activities. 
Structural proteins have mechanical functions. For example, actin and myosin are the 
effective components to facilitate muscles to function properly. The proteins in the 
cytoskeleton that act as scaffolds maintaining cell shape are also structural proteins. 
Other proteins are important for cell signalling, immune responses, cell adhesion, and 
many other physiological activities. For example, fibrin is the essential protein for 
blood clotting, which is derived from the precursor fibrinogen (detailed in Section 
2.5.3). 
 
The function of proteins is determined by the structure of proteins. Proteins have four 
levels of structure, termed as primary, secondary, tertiary and quaternary structures. 
The primary structure, the sequence of amino acids, is critical for the secondary and 
tertiary structures. The quaternary structure relates to multi-polypeptide interactions. 
Proteins can lose functions or be denatured if any level of structure is destructed [120, 
121]. 
 
For the primary structure, the sequence of amino acids is unique to a specific protein 
and the sequence can determine the interactions between the amino acids. The mutual 
interactions between the amino acids determine the secondary and tertiary structures 
and in turn the function of the protein [121]. The secondary structure of proteins 
refers to several specific structure elements dominated by interactions such as 
hydrogen bonds between the amide groups. The most common secondary structures 
are alpha helix and beta sheet. The tertiary structure refers to the folding of the 
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secondary structure elements. The folding is usually driven by the electrical and 
hydrophobic interactions between the side chains of amino acids (the hydrophobic 
interactions refer to the aggregation of the hydrophobic groups, which are covered by 
hydrophilic groups). Other interactions such as hydrogen bonding and disulfide bonds 
can also stabilise the tertiary structure. The quaternary structure is, for multiple-
peptide proteins, controlled by the mutual interactions between the peptide chains. 
The individual peptide chains are termed as subunits of the proteins, which might be 
mutually connected by disulfide bonds or non-covalently connected. Not all proteins 
have multi-subunits or quaternary structure [120]. 
 
The dissolution properties of proteins can also be determined by the structures in 
terms of the hydrophilicity of the molecules. The more hydrophilic, the more 
accessible for water molecules and in turn the easier for the protein molecules to 
dissolve. External factors such as medium pH can also affect the dissolution of the 
protein molecules. Proteins that can always dissolve in solution exhibit minimal 
solubility at IEP [120, 121] (the pH at which the net charge of protein molecule is 
zero), at which the repulsive forces between the protein molecules are minimal. At 
IEP, the dissolution of the proteins could be inhibited and the proteins could aggregate. 
For most proteins, the pH in the physiological environment (7.24) is above their IEP 
and the proteins have a negative net charge in the physiological environment [120, 
121]. 
2.5.2 Characterisation techniques 
Characterisation on protein conformation 
A number of techniques are commonly used to characterise the conformation of 
proteins. The most commonly used techniques are circular dichroism (CD) [122], 
FTIR [123, 124], Raman spectroscopy [125, 126], ultra-sensitive differential scanning 
calorimetry (DSC) [127], AFM [128], fluorescence spectroscopy [129], X-ray 
crystallography [130], and NMR [131]. These techniques are compared below. 
 
Compared to other techniques, DSC (heat flow during the denaturation), AFM 
(molecular topography) and fluorescent spectroscopy (fluorescent signals determined 
by molecular conformation) have a poor resolution to reveal the conformation details 
of protein molecules. These three techniques, however, can characterise wet samples 
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or live-monitor the distribution of proteins (fluorescent spectroscopy, reviewed in 
Section 2.3.3). 
 
X-ray crystallography can characterise the crystal structure of proteins and reveal 
detailed conformation. X-ray crystallography is accepted as gold standard method due 
to its accuracy and capacity to reveal structure details. However, it is not applicable 
for highly flexible proteins that cannot crystallise, such as fibrinogen. NMR makes it 
feasible to characterise the detailed natural protein structure in solution. However, 
only structures of low molecular-weight protein (15-25 kDa) can be characterised by 
NMR. For large proteins such as fibrinogen, NMR is also not applicable. CD can 
characterise and quantify the composition of secondary structure elements by 
measuring the differential absorption of left- and right-handed circularly polarized 
light. Since the characterisation is conducted within cuvettes, adsorbed proteins 
cannot be in situ characterised (unless the substrate is nanoparticles) [132]. 
 
Infrared spectroscopy is one of the earliest techniques to characterise secondary 
structures of proteins. FTIR could be used to in situ monitor the variation of protein 
conformation by quantifying the composition of the secondary structure elements. 
However, the adsorption peak of water molecules (at 1640 cm-1) can seriously 
interfere with the peaks of protein molecules [133]. Raman spectroscopy characterises 
the protein structure with the similar mechanism with FTIR but is free of water 
interference. Raman microscope can be used to live track the protein conformation in 
aqueous media. Considering in situ and live monitoring, Raman spectroscopy is an 
ideal technique to characterise protein conformation after adsorption. 
 
Protein conformation can also be characterised by using biological methods based on 
the functions of proteins since the functions are determined by the conformation. If 
denaturation occurs after the protein conformation changes, the loss of relevant 
functions can be detected. Fluorescence Resonance Energy Transfer (FRET) 
technique can be used to characterise protein conformation based on the mutual 
interactions between proteins. Denatured proteins can be detected by the fluorescent 
microscope technique FRET [134]. For enzyme molecules, the enzymatic activities 
could be tested to determine whether the enzymes have been denatured. This test is 
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very sensitive and accurate and enzyme with very low concentration can be quantified. 
Non-enzyme functional protein such as antibodies and delivery proteins can also be 
characterised with similar tests based on their functions. For multi-domain functional 
proteins, the function test can only test corresponding functional domains whereas 
non-functional domains cannot be tested [120]. 
 
In addition to biological functions, other protein activities or properties can be used to 
characterise the denaturation or the conformation of the proteins. For example, the 
loss of protein solubility can be used for specific protein characterisation since 
denatured proteins could lose the solubility [120]. The rate and extent of proteolysis 
can be also utilised to indicate protein denaturation. However, similar to solubility test, 
proteolysis test is not accurate and cannot reveal the conformation details of the 
proteins [135]. 
 
Protein quantification 
The proteins can be directly and indirectly quantified with various techniques. Hlady 
et al. [132] reviewed the protocols to characterise adsorption isotherms. The most 
commonly used indirect protocol is solution depletion protocol. The solution 
depletion technique indirectly quantifies the amount of adsorbed proteins by 
measuring the difference between the protein concentrations in the solution before 
and after the protein adsorption. The protein concentration in the solution can be 
measured by using UV/Vis spectroscopy (since the aromatic groups in proteins absorb 
UV, the concentration is proportional to the concentration) [136]. The concentration 
can also be measured based on fluorescent labelling [137]. The adsorbed protein can 
also be directly quantified by using quartz crystal microbalance (QCM) [138] and 
autoradiography technique (radioactive labelling and quantification) [139]. FTIR and 
Raman spectroscopy can also be used for semi-quantification of protein adsorption 
since the protein amount is proportional to spectroscopic intensity [132]. 
 
Characterisation of protein adsorption 
Many different techniques have been developed to characterise the protein adsorption. 
The commonly used techniques are total internal reflection fluorescence (TIRF) [140, 
141], ellipsometry [142], and surface plasmon resonance (SPR) [143]. The TIRF 
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technique can be used for live and in situ monitoring of the protein adsorption and 
desorption by fluorescent-labelling proteins [144]. Ellipsometry is a powerful optical 
technique to measure the thickness of films, which can be used to characterise protein 
adsorption kinetics [142]. SPR technique is very sensitive to the adsorption of 
materials onto metallic surfaces [143].  
2.5.3 Fibrinogen 
Fibrinogen, the principal protein of blood clotting, is a 340 kDa rod-shaped 
glycoprotein, with dimension of 5 × 9 × 45 nm [145], which is naturally synthesised 
in hepatocytes (liver cells). Fibrinogen is one of plasma proteins, but is not a serum 
protein. The concentration of clottable fibrinogen ranges between 1.5-4.5 g/L in blood 
plasma [146]. 
 
Structure 
Fibrinogen is a hexamer containing two identical sets of three different polypeptide 
chains, which are termed as Aα (610 residues), Bβ (461 residues) and γ (411 residues) 
[147]. In terms of the secondary structure, native fibrinogen molecules contain about 
35% α-helix, 10-30% β-sheet and 14% β-turn [148]. The IEP of fibrinogen was 
reported at pH values ranging from 5.5 to 5.8 [149, 150]. These secondary elements 
fold into several coiled and globular domains. In addition, disulphide bonds between 
the polypeptide chains further stabilise the quaternary structure of the fibrinogen 
molecules. However, the overall structure of fibrinogen molecules is still highly 
flexible, which prevents the crystallisation of the fibrinogen molecules. Fibrinogen is 
composed of two αC domains, two D domains, and a central E domain. The two D 
domains are linked to the central E domain by triple helical segments. The globular 
parts of α chains form a pair of αC domains, which have uncertain positions within 
the fibrinogen molecules. The αC domains could attach to and detach from E domain 
due to the high flexibility of the Aα chains. The αC domains are the only positively 
charged domains at physiological environment and also the most exposed and 
hydrophilic domains in fibrinogen molecules. The αC domains thus first deposit onto 
negatively charged surface prior to the other domains and are probably denatured first 
(the denaturation mechanism is discussed in Section 2.6.2). The other domains could 
be protected if the whole negatively charged surface is occupied by the αC domains 
[147]. 
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Due to the high flexibility, fibrinogen molecules have a very high affinity to adsorb 
onto solid surfaces. Fibrinogen can only desorb, in principle, when all the contact 
point simultaneously detach from the solid surface. Since one fibrinogen molecule has 
more than 400 contact points with the solid surfaces after adsorption, fibrinogen 
molecules cannot spontaneously detach from solid surfaces [151, 152]. Fibrinogen 
can replace smaller molecules that adsorbed onto the solid surfaces. On the other hand, 
adsorbed fibrinogen can also be replaced by larger molecules [153]. 
 
Functions 
Fibrinogen plays a key role in haemostasis, which is defined as the physiological 
cessation of blood loss after vessel injury [146]. The haemostasis process can be 
divided into primary and secondary haemostasis and fibrinogen is involved in both 
haemostasis processes. In the primary haemostasis, circulating platelets are activated 
by subendothelial collagen and thrombin after blood vessel injury. Activated platelets 
then adhere onto the walls of blood vessels and start to mutually aggregate. 
Fibrinogen supports the platelet aggregation by binding with surface membrane 
proteins (GpIIb/IIIa) of the platelets and forming bridges between platelets. Each 
fibrinogen molecule has three pairs of platelet binding sites, locating in the D domains, 
αC domains and coiled coils between the D and E domains, respectively [154]. 
Fibrinogen only binds to non-activated platelets after adsorption [155]. In the 
secondary haemostasis, the fibrinopeptides A and B are cleft from the α and β chains 
of the fibrinogen molecules, respectively, and the fibrinogen molecules are then 
converted into fibrin molecules. The fibrin molecules are subsequently polymerised 
into fibrin clot and the clot stabilises the platelet plug (aggregation) formed in the 
primary haemostasis [120]. The fibrin can be proteolysed into fibrin degradation 
products by plasmin [146]. 
 
If the fibrinogen concentration is lower than the normal value, the risk of bleeding 
could increase due to impaired haemostasis. High-concentration fibrinogen could 
reduce blood clotting time and inhibit blood loss. This makes fibrinogen delivery 
from implanted bioactive glass potential to enhance bone repair. High fibrinogen 
concentration, however, could associate with thrombosis, which could make the 
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sustained release of fibrinogen a threat to certain patients. Therefore, further study is 
required for the release rate of fibrinogen. 
 
Assays 
The characterisation techniques for fibrinogen conformation, such as Raman 
spectroscopy and FTIR, were reviewed in Section 2.5.2. There are three common 
assays that are especially used for fibrinogen: total clottable fibrinogen assay, clotting 
rate assay and immunological fibrinogen assays. 
 
In the total clottable fibrinogen assay, all the fibrinogens in citrated plasma are 
converted into fibrin by adding thrombin. Thorough washing is applied subsequently 
to remove trapped soluble proteins. Initial clottable fibrinogen concentration can be 
calculated by measuring light absorbance of fibrin clot at 282 nm [146]. In the 
clotting rate assay, the fibrinogen concentration is calibrated by measuring the clotting 
rates of the reference plasma with a series of known fibrinogen concentration. 
Standard curve can then be made after quantifying all the standard clotting rates. The 
fibrinogen concentration in question can be obtained by locating its clotting rate in the 
standard curve [146]. 
 
Immunological fibrinogen assays include the radial immunodiffusion (RID), ELISA 
and immunonephelometric assay. In immunonephelometric and RID assays, specific 
polyclonal antibodies are incubated in diluted plasma samples to form immune 
complexes with fibrinogen molecules and the complex can be detected and quantified 
by diffusion and precipitation in an agarose gel (RID) or by light-scattering 
techniques (immunonephelometric). In ELISA assay, fibrinogen molecules from 
diluted plasma combine with specific antibodies that are immobilised on a 
polystyrene surface. The fibrinogen is in turn combined with second enzyme-
conjugated antibodies. The enzyme effects can be quantified to measure the initial 
concentration of fibrinogen [146, 156]. 
 
The complexity of the above biological assays could cause complications to 
characterise fibrinogen conformation and adsorption. Simple methods are needed for 
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quick quantification for fibrinogen. Therefore, the depletion protocol could be ideal 
for Fg quantification in this thesis. 
2.6 Protein adsorption 
As mentioned in Section 2.1.2 and 2.1.3, proteins dissolved in body fluid adsorb onto 
solid biomaterials very rapidly after implantation. The adsorption can be divided into 
three stages: transport to the solid surface, attachment on the surface and protein 
conformation rearrangement after the attachment. Previous researchers made great 
efforts to study the interactions between proteins and biomaterials. This can help to 
have an insight into the bioactivity mechanism of the bioactive glass and further 
enhance the performance of bioactive glass for bone regeneration applications. In this 
section, the protein adsorption is reviewed in four aspects: the interactions of protein 
adsorption, the conformation of adsorbed protein, the amount and kinetics of protein 
adsorption and protein interactions with biomaterials. 
2.6.1 The interactions of protein adsorption 
Protein adsorption on solid surface is driven by the interactions between the protein 
molecules and solid surfaces. The interactions are thus determined by the properties 
of the protein molecules, the solid surfaces and the media. There are many factors that 
affect the interactions at the solid-solution interfaces, such as the hydrophilicity of the 
protein molecules and the solid surface, surface charge, medium pH and surface 
geometry [157]. In this section, the interactions are divided into long range and short 
range interactions. 
 
Long range interactions 
One of the most important long range interactions is Coulomb forces, which are static 
electrical forces determined by the surface charges of the protein molecules and the 
solid surfaces [158]. The surface charges are in turn determined by the nature of the 
molecules, the solid surfaces (IEP) and the medium. If the medium pH is between the 
two IEP values of the molecules and surfaces, the Coulomb forces are attractive and 
could enhance the adsorption. Otherwise, the Coulomb forces are repulsive and the 
adsorption could be inhibited [159]. The medium pH is thus critical for the Coulomb 
forces between the molecules and the surfaces. The ionic strength of the medium 
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could also affect the Coulomb forces via the screen effects of ions in the medium on 
the surface or the molecules [160]. 
 
Since the charges within protein molecules do not distribute homogeneously, proteins 
such as fibrinogen could have both negatively and positively charged domains within 
the molecules [161]. In such circumstances, the orientation of the adsorbed proteins 
could be directed by the interactions between the surfaces and specific domains of the 
proteins. For example, the positively charged αC domains of fibrinogen molecules 
could first adsorb onto negatively charged 70S30C glass surface before the whole 
protein molecules attach to the surface in SBF. Similarly, the specific charge patterns 
on the solid surfaces can also guide the protein adsorption [159, 161]. 
 
Short range interactions 
One of the most important short range or contact interactions of protein adsorption is 
hydrophobic interactions [162]. It refers to as the interactions between the 
hydrophobic groups of the protein molecules and the solid surfaces. The hydrophobic 
interactions are driven by the overall systematic energy or entropic effects. Before the 
protein adsorption, the hydrophobic groups exposed in the aqueous medium are 
covered by hydrophilic water molecules. After the adsorption onto hydrophobic 
surfaces, the water molecules are removed from the hydrophobic groups of the protein 
molecules (dehydration), which results in a reduction in the overall systematic energy 
and an increase in systematic entropy. This is energetically favourable according to 
thermal dynamic principles [163]. After the adsorption, the hydrophobic groups that 
are originally buried with the protein molecules could be exposed to attach on the 
hydrophobic surfaces to further enhance the hydrophobic interactions [160]. The 
conformation rearrangement is determined by the flexibility of the protein molecules 
(reviewed in Section 2.6.2). The hydrophobic interactions can also be affected by the 
medium nature. The hydrophilicity of the medium could change the protein 
conformation and the exposure of hydrophobic groups. The hydrophobic interactions 
could be enhanced in organic solvent medium compared to aqueous medium  [162, 
163]. 
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There are other interactions such as hydrogen bonding and Van der Waal forces. The 
protein-surface interactions are exerted via contact points on the protein molecules. 
Protein molecules could have a large number of contact points, which generally 
increases with protein molecular weight. Large protein molecules with more contact 
points can easily adsorb onto solid surface [164]. 
2.6.2 The conformation of adsorbed protein 
The conformation of the protein molecules rearrange after attachment. The 
rearrangement can change various levels of the molecular structure except the primary 
structure. A loss of 3D protein structure sufficiently could result in a loss of function, 
which is defined as protein denaturation [120, 165]. To evaluate the potential of 
fibrinogen delivery is one of the aims in this thesis (Chapter 6) and it is vital that 
proteins are not denatured when they interact with bioactive glasses. In this section, 
the basic protein denaturation concepts are first reviewed before the conformation 
change after the protein adsorption is focused on. 
 
Protein denaturation 
A number of factors other than solution-solid interface adsorption can result in protein 
denaturation, such as temperature, medium pH or solvent [165]. The denaturation 
could be divided into reversible and irreversible denaturation. This depends on 
whether the short range interactions such as hydrogen bonding are disrupted. All 
proteins can be denatured by high temperature [166]. For the natural form of the 
proteins dissolved in aqueous solution, the tertiary structure folding causes the 
hydrophobic groups covered by hydrophilic groups. As the temperature increases, the 
interactions within proteins are weakened by enhanced molecule vibration. The long 
range interactions of tertiary structure are firstly disrupted by increased temperature 
and the proteins start to unfold [151]. Latterly, short range interactions such as 
secondary structure hydrogen bonds are broken and water molecules invade and form 
new hydrogen bonds with amide groups. The disrupted structure could cause the 
hydrophobic groups exposed to the hydrophilic environment, that is, the protein is 
unfolded. If the temperature exceeds the critical point for the protein denaturation, the 
denaturation is irreversible. When the temperature decreases, the proteins cannot 
refold following the original protein folding procedures since most short range 
interactions are disrupted [120, 151, 166]. 
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Proteins could also be denatured by extreme medium pH. Extremely acidic pH values 
could turn negatively charged groups into positively charged (decreased below IEP) 
and develop large repulsive electrical forces within the protein molecules [167]. This 
could expose the hydrophobic groups and irreversibly denature proteins. Similarly, 
extremely basic pH values could also denature proteins by turning positively charged 
groups into negatively charged (increased above IEP). High pH values at high 
temperature could hydrolyse peptide bonds and break primary structure [121]. 
 
A solvent could denature the proteins by rearranging the hydrophobic and hydrophilic 
groups of the protein molecules. An organic solvent could result in the exposure of 
hydrophobic groups that were originally buried within the hydrophilic groups and 
cause the proteins to aggregate via the aggregation between exposed hydrophobic 
groups. This denaturation could be reversible and the proteins could refold into the 
natural forms if the proteins are slowly immersed in low temperature physiological 
environment [120, 168]. 
 
Salt ions in protein solutions could associate with the oppositely charged groups of 
the proteins, which enhance the hydration of the protein molecules. However, there is 
a competition on hydration between the associated salt ions and water molecules 
[168]. If the salt concentration is too high, the salt could dehydrate proteins and result 
in the solubility loss and the aggregation of the proteins. Concentrated salt 
denaturation is usually reversible and the natural forms of proteins can be recovered 
by dilution [120]. 
 
The conformation of adsorbed proteins 
The conformation change after the protein adsorption is determined by the balance 
between the protein-interface interactions (Section 2.6.1) and the protein internal 
interactions (Section 2.5.1). For the dissolved proteins in natural form, the internal 
interactions dominate the protein structure and maintain the equilibrium of the 
structure. The tertiary structure of proteins is not rigid and dynamically changes all 
the time. When the proteins adsorb onto a solid surface, the interfacial interactions 
break the equilibrium and a new equilibrium forms [169]. The conformation changes 
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and the new equilibrium are maintained by both internal and interfacial interactions. 
Flexible protein molecules could rearrange the conformation and expose more contact 
points to interact with adsorbent surface in order to further increase the systematic 
entropy [120, 169]. 
 
The proteins with relatively stronger internal interactions (“hard” proteins) have a 
larger capacity to resist structural rearrangements after the attachment. On the other 
hand, the proteins that have relatively weaker internal interactions (“soft” proteins) 
will change their structure more readily after the attachment [164]. If the interfacial 
interactions largely exceed the internal interactions, the adsorption could result in 
significant conformation changes and even denaturation [134]. For example, if the 
surface is very hydrophobic, the hydrophobic groups of the protein molecules could 
be attracted and aggregate at the interface. Therefore, protein adsorption is determined 
by the properties of the proteins and surface properties of the solid surfaces [120, 134]. 
 
The geometry of the solid surface also affects the conformation of the adsorbed 
proteins [167]. For flexible proteins, the surface geometry could determine the 
adsorbed conformation [170]. Considering the dimension of most protein molecules, 
solid surfaces without nanotexture is “flat” for protein molecules and the adsorption is 
2D contact. For nanoporous materials, the 3D contact between the nanopore walls and 
the protein molecules could change the natural conformation of the protein molecules 
to a less extent compared to 2D contact [170]. For example, a fibrinogen molecule 
could have a 3D interaction with the inner surface of the nanopore in the sol-gel 
derived bioactive glass. On the other hand, Bioglass® would force all fibrinogen 
contact points within a 2D flat surface. This is more likely to cause protein unfolding 
and denaturation compared to the nanoporous glass [120, 167, 170]. 
2.6.3 The amount and kinetics of protein adsorption 
Adsorption isotherm 
The amount of protein adsorption is also important in terms of protein delivery 
application. The amount is determined by a number of factors including the medium 
pH [171], the conformation of the protein molecules, the interactions between the 
proteins [135] and the solid surfaces, and the concentration of the proteins in the 
solution. The medium pH and the protein conformation can affect the adsorption 
58 
 
amount by controlling the interactions between the proteins and the solid surfaces. 
The medium pH can control the Coulomb forces whereas the conformation could 
control the hydrophobic interactions by controlling the exposure of hydrophobic 
groups. The stronger the interactions, the more proteins adsorb onto the surfaces. 
Norde et al. [165] systematically reviewed the adsorption of proteins and they 
summarised that the amount of protein adsorption dominated by hydrophobic 
interactions is higher than that dominated by ionic interactions. Hydrophobic surfaces 
thus, in principle, adsorb more proteins than hydrophilic surfaces. 
 
The initial protein concentration in the medium is another important factor for protein 
adsorption: the amount protein adsorption increases with the initial protein 
concentration. After the adsorption, the protein molecules change the conformation to 
make more contact points attach to the solid surfaces [161]. This makes the engaged 
area per protein molecule larger. High initial concentration of protein decreases the 
area occupied by each protein molecule and increases mutual interactions between 
protein molecules. This could result in less unfolding of protein and inhibit 
denaturation [147, 163]. 
 
Since the adsorption is affected by the initial concentration, adsorption isotherms are 
used to describe the protein adsorption capacity of a material [172]. The adsorption 
isotherm represents the amounts of protein adsorption at equilibrium at a series of 
initial protein concentrations. The isotherm becomes horizontal when the saturation of 
the protein adsorption reaches. Great efforts have been made to focus on the isotherms. 
 
Adsorption kinetics 
The protein adsorption kinetics is also important to characterise the protein adsorption. 
Since the adsorption consists of three stages, each stage will determine the overall 
kinetics. The initial protein concentration in the solution could affect the first two 
stages: the transport to the solid surfaces and the attachment on the surfaces. The 
higher the initial concentration, the shorter time it takes to complete the two stages. 
Previous studies show that when biomaterials are implanted into the real 
physiological environment, in which the protein concentration is very high, it takes 
very short time (less than a second) for proteins to cover the surface of the materials 
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[42, 158]. The protein conformation at equilibrium is, however, relatively vague since 
the conformation keeps changing after attachment. 
2.6.4 Protein release and replacement 
The protein release composes of two stages: detachment from the interface and 
transport away from the interface. As mentioned in Section 2.6.1, theoretically, 
protein detachment refers to all the contact points of the proteins detached from the 
solid surfaces. As there are more than 400 contact points per fibrinogen molecule, it is 
almost impossible for all the points of fibrinogen to detach simultaneously. 
 
Proteins can detach by being replaced by other proteins that possess more affinity or 
stronger interactions with adsorbents. This is termed as Vroman effects [173]. In 
principle, proteins that have relatively weaker interactions with the solid surface can 
be replaced by proteins that have relatively stronger interactions with the surfaces. 
Since larger protein molecules have more contact points with solid surfaces, adsorbed 
protein molecules are normally replaced by larger protein molecules. The protein 
adsorption from multi-component solution is competitive and adsorbent surface 
would be initially occupied by high-concentrated and small molecules, which might 
be subsequently replaced by other molecules. For example, albumin can be replaced 
by fibrinogen on glass [145, 147]. The dissolution of adsorbents can also cause 
protein release. Previous studies also found that protein release rate corresponds to 
adsorbent dissolving rate [23]. 
 
Previously, researchers conducted tests to characterise the protein release. Lenza et al. 
[23] studied the release kinetics of laminin from sol-gel derived glass scaffolds and 
found that the sustained release could be realised by the scaffolds. Similar results 
were obtained by Lobel and Hench [156] and they found the desorption rate increased 
with medium pH. The results are conflicted with the theory about protein release (all 
the contact points detached before release). This could be because the un-adsorbed 
proteins were not washed off before the release tests. This could also due to the 
unstable glass surface, which was dissolved and caused protein release. 
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2.6.5 Protein interactions with bone mineralisation 
Since the inhibitive effects of proteins against the apatite growth on the bioactive 
glass are reported in Chapter 7, previous efforts focused on the protein interactions 
with bone mineralisation induced by biomaterials are reviewed in this section. First, 
the role of proteins is addressed. 
 
As mentioned in Section 2.1.3 and 2.3.3, the protein in the physiological environment 
plays a key role in implanted tissue-engineering scaffolds. This is because most 
materials tend to become fully covered by the proteins immediately after implantation 
[42] and cell-material interactions are mediated by the adsorbed protein layer [41]. 
The surface properties of the implanted materials determine the composition and 
conformation of the adsorbed protein layer, which in turn directs cell activities via 
integrin-ligand interactions. In addition, the delivery of specific protein molecules (e. 
g. growth factors) can remarkably enhance the performance of the implants [174-176]. 
These make it essential to characterise the relationship between proteins and the 
surface properties of implanted materials. More importantly, it is essential to 
understand the dynamic mutual interactions between the proteins and the bone 
mineralisation induced by the biomaterials. 
 
Benesch et al. systematically reviewed the effects of proteins on bone mineralisation 
[90]. They summarised that different proteins can have various effects on the 
nucleation and growth of apatite crystals. Whether the effects are inhibitive or 
inductive depends on the structural details of the proteins. Negatively charged regions 
(or regions rich in specific amino acids such as glutamic acid) in protein molecules 
could induce calcium deposition via the Coulomb forces [177]. The secondary 
structure β-sheets can provide a platform to induce apatite nucleation [178]. Other 
factors such as protein concentration in the medium can also affect apatite 
mineralisation. The inhibitive effects of serum were found to increase as serum 
concentration increased in the medium [43, 179]. However, the serum proteins were 
also found to enhance apatite nucleation although they reduced apatite mineralisation 
rate overall [180]. Certain proteins can act as inhibitors and inductors when dissolved 
and adsorbed, respectively [181]. Vasin et al. [182] proposed that proteins combined 
with calcium ions could enhance apatite deposition. This is because these proteins 
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adsorbed onto the surface and increased the local calcium ion concentration, which 
enhanced calcium phosphate deposition. 
 
The interactions between the proteins and HCA deposition were mutual, that is, the 
deposited HCA layer can also inhibit the release of pre-loaded proteins. Lobel and 
Hench [156] researched protein interactions with the HCA formed in the sol-gel 
bioactive glass in SBF. They found that the proteins in body solution adsorbed before 
HCA crystalline deposition and a complex layer of protein and HCA subsequently 
formed on glass surface. This complex layer could interfere with the release of pre-
loaded protein inside adsorbents. The interactions between HCA crystalline and local 
adsorbed proteins need further studies [182]. 
 
Although the interactions were extensively researched, fewer studies focused on the 
effects of proteins on the apatite growth induced by the bioactive glasses. Even fewer 
studies related the protein effects to the osteoconductivity of the bioactive glasses. In 
order to further enhance the performance of Bioglass® and develop other 
osteoconductive materials, the mechanism of the bioactivity at molecular level is 
required. Studies in this thesis aim to deepen the relationship between the protein 
adsorption and apatite deposition resulted from the bioactive glasses, which could 
help to reveal the osteoconductivity mechanism of bioactive glass (Chapter 7). 
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Chapter 3. Characterisation of nanostructure evolution1 
3.1 Introduction 
When an artificial material is implanted it will attract proteins (Section 2.6.5). It is 
important to understand which proteins adsorb onto the material surface as this will 
affect cellular response and material function. The surface chemistry, pore size, shape 
and connectivity will affect what proteins are adsorbed and how they behave on the 
material surface. Pore size and shape will also affect the glass degradation rate, rate of 
HCA layer formation and cellular response. Therefore, it is very important to be able 
to characterise and control the nanoporosity and structure of the sol-gel glasses. Due 
to their unique nanoporosity, sol-gel glasses have been investigated as drug delivery 
devices [175, 176]. Particles have also been shown to crystallise certain proteins, in 
particular media such as porous silicon [184]. 
 
The aim of this chapter is to follow the evolution of the nanostructure of these 
materials during the different stages of the sol-gel process, to quantify pore size and 
shape, determine how it can be controlled, and to determine the mechanism of 
incorporation of calcium into the glass and how this affects the nanostructure. 
Previous literature will be brought together for the first time to build a complete 
picture of nano and atomic scale structure evolution of bioactive glasses. The study in 
this chapter can provide a platform for the studies in the following chapters. 
3.2 Experimental 
3.2.1 Synthesis procedure 
Synthesis of 70S30C (70 mol% SiO2, 30 mol% CaO) and pure silica (100S) sol-gel 
derived bioactive glass followed a previous protocol [8]. The procedure consists of 
five stages: mixing, casting, ageing, drying, and stabilisation. 
 
                                                 
1
 This chapter has been published in another form elsewhere 183. Lin, S., Ionescu, C., Pike, K.J., 
Smith, M.E., and Jones, J.R., Nanostructure evolution and calcium distribution in sol-gel derived 
bioactive glass. Journal of Materials Chemistry, 2009. 19(9): p. 1276-1282. 
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During the mixing stage, 226.5 ml of distilled water, 37.8 ml 0.2 mol/L HNO3 and 
235.2 ml TEOS (for 500 ml sol) were mixed (measured with measuring cylinder) and 
stirred in a 1 L glass beaker (hydrolysis and start of condensation reaction). After 1 h 
stirring, 106.2 g Ca(NO3)2•4H2O was added into solution followed by another hour of 
stirring. The sol was then cast in 60 ml polymethyl pentene (PMP) moulds (diameter 
of 4.3 cm), where they were left for 72 h at room temperature where the condensation 
reaction continued. Completion of gelling and ageing of the gels took place at 60 °C 
for 72 h at a heating rate of 5 °C/min. Drying of the gels was carried out by loosening 
the mould lids and heating the gels with a three-stage schedule: heating to 60 °C at 0.1 
°C/min and holding for 20 h; heating to 90 °C at 0.1 °C /min and holding for 24 h; 
heating to 130 °C at 0.1 °C/min and holding for 40 h. The dried gels were cooled to 
room temperature at 0.1 °C/min and then transferred into an alumina crucible for the 
stabilisation stage, which follows a three-stage schedule: heating to 300 °C from room 
temperature at 1 °C/min and holding for 2 h; heating to 600 °C at 1 °C/min and 
holding for 5 h; cooling to room temperature at 5 °C/min. Extra heat treatment was 
applied to modify the nanopores, such that 70S30C bioactive glasses were sintered at 
775 ± 2 °C for 2, 4, 8 and 16 hours heating at 10 °C/min. 
3.2.2 Characterisation of nanostructure evolution 
Microscopy 
The evolution of the nanostructure of 70S30C was characterised by microscopy 
techniques and nitrogen sorption analysis at all stages of the sol-gel process. A 
transmission electron microscope, TEM (JEOL JEM-2010) was used to observe the 
nanostructure of the glasses and 200 kV was applied. The TEM samples were 
prepared by manually grinding into fine powders and mixing with acetone to prepare 
a powder suspension, into which a TEM sample support film was dipped and the film 
was dried in air. In TEM, a high voltage electron beam is emitted from a cathode and 
focused by electrostatic and electromagnetic lenses. The beam then transmits through 
a specimen and then reaches the imaging system of the microscope. The beam carries 
information about the inner structure of the sample. The carried information is then 
magnified by a series of electromagnetic lenses until it is displayed by hitting a 
fluorescent screen, photographic plate, or detected by light sensitive sensor such as a 
CCD camera. 
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A field emission gun scanning electron microscope, FEG-SEM (LEO 1525) was used 
on fine powders coated with chromium at 80 mA for 1 min. SEM produces images by 
detecting low energy secondary electrons, which are excited and emitted from the 
surface of the sample by the primary electron beam. Since much lower voltage (5 kV) 
is applied in SEM than TEM, the energy electron beam is too low to transmit samples. 
In SEM, the electron beam was rastered across the sample, with detectors building up 
an image by mapping the detected signals at different positions. SEM images the 
topography of samples whereas TEM images the projection of the samples. 
 
Nitrogen sorption 
Surface area and nanoporosity analysis were conducted with monolith samples by 
using nitrogen sorption (AS6®, Quantachrome Instruments). BET [69] and BJH [70] 
analysis were applied to nitrogen sorption isotherms to determine the surface area and 
pore size distributions respectively [73]. Samples for nitrogen sorption were prepared 
by degassing for 8 h at 150 °C (Quantachrome Instruments). Surface area and 
nanoporosity were calculated by using Autosorb-1 software, Version 1.52 and 
average values of triplication was used. The mechanism of nitrogen sorption is 
demonstrated below. 
 
Nitrogen sorption analysis works based on the theory proposed by Sing et al. [73], 
who reported physisorption data for gas/solid and established an interpretation system 
between isotherm graphs obtained from nitrogen sorption. The principle of nitrogen 
sorption and the assumptions on which BET and BJH methods are based were 
documented in the literature [73]. After degassing, a sample is evacuated and nitrogen 
is passed over the sample at liquid nitrogen temperature, to encourage condensation of 
droplets on the surface. Initially a monolayer of nitrogen droplets forms on the sample 
surface, if it has an affinity for nitrogen. As pressure is increased the layer grows and 
once a monolayer has formed, multi-layers form. If there are pores in the material, the 
nitrogen molecules begin to fill the pores. Six types of adsorption isotherms and 4 
types of hysteresis loops were proposed and the types of isotherms and hysteresis 
loops were assigned to specific adsorbents with specific pore morphology. 
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The BET method is used to obtain surface area values using the monolayer forming 
region of the isotherm. The specific surface area of the glasses can be calculated from 
the volume of monolayer, Vm by Equation 3.1 [68]: 
L
mam
BET Vm
anVS
⋅
⋅⋅
=        Equation 3.1 
Where na is Avogadro constant; am the cross sectional area occupied by each nitrogen 
molecule; m weight of the sample and VL the molar volume of nitrogen gas. 
 
Since pores are filled with condensed liquid nitrogen adsorbate at saturated pressure, 
total pore volume can be obtained from the amount of nitrogen adsorbed at the 
pressure approaching saturation, Vads. Specific equation for total pore volume 
calculation is shown in AS6® manual, provided by Quantachrome, as shown in 
Equation 3.2. 
RT
VVPV madsap =         Equation 3.2 
Where Pa and T are ambient pressure and temperature, Vm is the molar volume of the 
liquid adsorbate and R is the universal gas constant. Mean pore diameter calculation is 
based on an assumption that no surface other than the inner walls of the pores exists 
and that the pores are cylindrical. Mean pore diameter, pr  thus, equals twice of the 
ratio of total pore volume, Vp over specific surface area, SBET, shown in Equation 3.3 
[73]: 
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r =         Equation 3.3 
The pore size distribution is determined according to the BJH model [70], which is 
based on Kelvin equation. Kelvin equation, shown in Equation 3.4 [185], describes 
the change of vapour pressure over curved liquid surface and is used for 
determination of pore size distribution of a porous medium using adsorption 
porosimetry. 
rRT
V
p
p Lγ2ln
0
−=         Equation 3.4 
Where p is actual vapour pressure; p0 saturated vapour pressure; γ surface tension; VL 
molar volume; R universal gas constant; r radius of the droplet; T temperature. 
Vapour is assumed to be ideal gas. The corrected Kelvin equation, Equation 3.5 [185] 
is used to calculate the relative pressure of nitrogen in equilibrium with a porous solid 
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and the size of the pores where capillary condensation takes place. The BJH method 
assumes evaporation of a meniscus from open-ended cylindrical pores. Pore size 
distribution can be determined from desorption data of the isotherm. Nanopore 
distribution can be calculated by measuring the volume of adsorbed nitrogen at each 
equilibrium pressure. 
θ
γ
cos
2ln
0 rRT
V
p
p L−=        Equation 3.5 
Where θ is the contact angle with which the liquid meets the pore wall. Pore 
diameters distribution can be in turn obtained by measuring the adsorbed nitrogen 
amount at a series of nitrogen pressures. 
3.2.3 Characterisation of calcium distribution evolution 
The evolution of the calcium distribution was characterised by measuring calcium ion 
concentration in the pore liquor of 70S30C before the drying stage with inductively 
coupled plasma optical emission spectrometry (ICP-OES) analysis (Optima 2000 DV, 
Perkin Elmer, UK). The calcium nitrate amount dissolved in the pore liquor of 
70S30C before the drying stage was calculated by estimating the volume of the pore 
liquor. The ICP samples were prepared by diluting 10 times with 1 M nitrate acid and 
being filtered with 0.2 µm filter. ICP is highly sensitive and capable of the 
determining elemental concentration at very low concentrations. For the principle of 
ICP-OES, an inductively coupled plasma is produced to excite atoms and ions that 
emit electromagnetic radiation at wavelengths characteristic of a specific element. 
The intensity of the emission can be used to quantify the element concentration. 
 
High temperature real-time XRD (Cu Kα) was conducted (Philips X’Pert MRD) 
within an isolated environment using 2θ values from 5° to 50° with a 0.04° step (held 
for 3.8 seconds for each step) at different temperatures from 35 to 900 °C at 50 °C 
intervals, holding for 72 min at each temperature for the spectra to be obtained. XRD 
is a powerful, versatile, non-destructive technique that can reveal detailed information 
about the chemical composition and crystallographic structure of natural and 
manufactured materials. When a monochromatic X-ray beam with wavelength λ is 
projected into a crystalline material at an angle θ, diffraction occurs only when the 
distance travelled by the rays reflected from successive planes differs by a complete 
number n of wavelengths according to Bragg’s Law. By varying the angle and 
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plotting the angular positions and intensities of the resultant diffracted peaks of 
radiation, a pattern can be produced that represents the characteristic of the sample. 
 
The technique of magic angle solid state nuclear magnetic resonance (MAS-NMR) 
was used to measure proton content and network connectivity. NMR is a physical 
phenomenon based upon the quantum mechanical magnetic properties of an atom 
nucleus and is a common scientific method to exploit nuclear magnetic resonance and 
study molecules. All nuclei that contain odd numbers of protons or neutrons have an 
intrinsic magnetic moment and angular momentum. The most frequently analysed 
nuclei are hydrogen-1 and carbon-13. NMR studies magnetic nuclei by aligning them 
with an external magnetic field and perturbing this alignment using an 
electromagnetic field. The resulting response to the external perturbing 
electromagnetic field is collected and analysed in NMR spectroscopy. NMR can 
provide detailed information on the topology, dynamics and three-dimensional 
structure of molecules in solution and solid state. The NMR details applied in this 
chapter are shown below. 
 
The 1H MAS-NMR spectra were recorded using a Varian-Chemagnetics CMX 360 
MHz (8.45 T) spectrometer operating at 360.13 MHz. Spectra were recorded with a 4 
mm MAS probe spinning at 12 kHz, using a 20 s recycle delay, with 128 acquisitions 
added together. The chemical shift was referenced externally to adamantane (C10H16) 
at 1.8 ppm. Each sample was weighed to determine the content. The integrated signal 
was normalised to take into account the amount of sample so that the absolute level of 
protons can be deduced. 29Si MAS-NMR spectra were collected on a Varian 
InfinityPlus 300 MHz spectrometer operating at 59.62 MHz. A 20 s recycle delay was 
used which produced relaxed spectra. 29Si spectra were referenced to TMS at 0 ppm. 
3.3 Results and discussion 
3.3.1 Nanostructure evolution during the sol-gel process 
Figure 3.1 and Figure 3.2 show TEM and SEM images, respectively, of the 70S30C 
material at a number of stages during the sol-gel process. The effects of vacuuming on 
the nanoporous samples are not studied or discussed in this thesis, which needs further 
investigation. 
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Figure 3.1 TEM images of the 70S30C (a) sol 24 hours after mixing reagents; (b) gel after drying 
and before stabilisation; (c) glass after stabilisation. 
 
 
Figure 3.2 SEM image of 70S30C (a) after stabilisation; (b) 16 hours sintering at 775°C  
 
The TEM image in Figure 3.1a shows the sol nanostructure 24 h after the mixture of 
water, HNO3 and tetraethylorthosilicate (TEOS), which reveals that, after the 
hydrolysis and partial condensations, the sol was a suspension of colloidal particles, 
with a particle size of approximately 5 nm. Colloidal particles result from the 
condensation reactions of the hydrolysed silica precursor (TEOS), which is consistent 
with the Raman spectroscopy and SAXS results of Orcel et al. [64]. It is the first time 
the secondary particles of sol-gel derived bioactive glass have been directly visualised 
by microscopy techniques. Himmel et al. [63] confirmed the existence of secondary 
particles found by Orcel et al. by using both SAXS and WAXS. However, they 
argued that the secondary structural units are actually chain-like clusters rather than a 
particle-shape. Figure 3.1a shows that the secondary particles were particle-shaped 
rather than chain-like clusters [63]. 
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The TEM image in Figure 3.1b reveals that the dried gel before stabilisation consisted 
of 5-8 nm nanoparticles. This indicates that the secondary particle size changed very 
little during the gelling, aging and drying stages by comparing with Figure 3.1a, 
although the whole gel shrinks significantly on the drying stage (approximately by 50 
vol%). Therefore, the shrinkage of the gel during the drying stage is due to the 
reduction of interstitial spaces between secondary particles as the interstitial liquid of 
the sol evaporates. The space reduction is a result of capillary condensation among 
the colloidal particle structure and joining of secondary particles driven by the 
condensation of surface OH groups. Compared with TEM images of a dried gel of 
pure silica [66], which is composed of particles smaller than 1 nm, the TEM image 
indicates that calcium nitrate within the sol enlarges structural units of the dried gel 
and this might be due to charge screening effects caused by calcium ions that enhance 
the condensation reactions and particle aggregation. 
 
The TEM and SEM images in Figure 3.1c and Figure 3.2a reveal that 70S30C after 
stabilisation consists of nanoparticles with diameters of 10-30 nm and these will be 
termed tertiary particles in this thesis. The tertiary particles are believed to derive 
from the fusion of secondary particles via viscous flow due to the relatively high 
temperature heat treatment during the stabilisation stage [51]. This viscous flow could 
be driven by the condensation of OH groups on the secondary particle surface. 
Tertiary particles are irregular-shaped and have a size distribution. The images also 
indicate that nanopores of 70S30C are derived from the interstitial space between 
tertiary particles since no texture was shown within individual tertiary particles. It 
cannot be ignored that nanoparticles shown in the SEM images (Figure 3.2a, 30-40 
nm) have larger dimension than ones in TEM (Figure 3.1c, 10-30 nm). This is due to 
the chromium coating of the SEM samples where the thickness of the chromium 
coating produced at 80 mA for 1 min is 16 nm. 
 
Due to random packing and fusion between the tertiary particles, nanopores have 
totally irregular shapes and a wide size distribution compared to those in the dried gel. 
This is in contrast to the conclusions drawn previously by Saravanapavan and Hench 
who suggested that the pores were more regular [72] according to the shape of the 
isotherms obtained from nitrogen sorption porosimetry. Their conclusions were based 
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on the assumptions [73] that when isotherms are of the shape produced by these 
glasses with hysteresis loops, as shown in Figure 3.3a, the pores were approximately 
cylindrical and pore throats were thinner than the pores. The graphs in Figure 3.1c 
and Figure 3.2a suggest these assumptions were inaccurate and isotherms should not 
be used to estimate pore shapes. 
 
Figure 3.3 (a) Nitrogen sorption isotherms of 100S and 70S30C gels and glasses; (b) their BJH 
pore size distributions. Stabilisation and Sintering effects on (c) surface area; (d) modal pore size; 
(e) total pore volume of 100S and 70S30C monolith samples. 
 
Figure 3.3 shows nitrogen sorption isotherms and pore size distributions of 100S and 
70S30C monolith samples. Pores in 100S were too small (<2 nm) to be determined by 
the BJH method. The 70S30C materials had narrow pore size distributions. The data 
are not consistent with results obtained by Fitzgerald et al. [67], who proposed, by X-
ray diffraction, that there are no nanopores within a 70S30C dried gel before the 
stabilisation stage. However, nitrogen sorption porosimetry shows there were a large 
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number of nanopores in 70S30C dried gels and the pores were also visually 
confirmed by the TEM images. The nanopores seem to derive from the interstitial 
space between the secondary particles. This indicates the limitation of X-ray 
diffraction technique for nanopore detection. 
 
BJH pore size distributions of the 70S30C monoliths are shown in Figure 3.3e. the 
results indicate that total pore volume and modal pore size increased compared to the 
dried gels of 70S30C before the stabilisation stage. This could be due to Ca(NO3)2 
decomposition, which left more interstitial spaces between the nanoparticles. 
 
The SEM image in Figure 3.2b shows the nano-texture of 70S30C after 16 h sintering 
at 775±2 °C. It was found that the tertiary particles became less distinguishable and 
the surface was smoother compared to 70S30C glasses after the stabilisation stage. 
Loss of nano-texture indicated local viscous flow within these bioactive glasses, 
which is constant with the literature reviewed in Section 2.4.1. 
 
The stabilisation and sintering effects on 100S and 70S30C monolith samples were 
also quantified by using nitrogen sorption as shown in Figure 3.3. Isotherms (Figure 
3.3a) and nanopore size (Figure 3.3b) indicate the evolution of nanopores during 
stabilisation and sintering stages. Figure 3.3c shows that the surface area decreased 
with prolonged sintering periods. Since viscous flow is a time-dependent process, the 
results, together with the SEM images (Figure 3.2b) after sintering, confirm that 
sintering changes the nanostructure via viscous flow, which is driven by surface 
energy reduction. Figure 3.3d indicates that sintering is a good method to modify pore 
size since the modal pore size of 70S30C decreased from 12.5 to 9.1 nm. 
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Figure 3.4 DSC and TGA traces of stabilised and non-stabilised 70S30C at 10 °C/min. 
 
DSC and TGA traces of stabilised and non-stabilised 70S30C were profiled to 
demonstrate the mechanism during the stabilisation stage. The DSC trace of non-
stabilised 70S30C in Figure 3.4 shows that there is no glass transition below 800 °C 
and the TGA trace indicates weight loss in the range 600-800 °C. These results imply 
that the viscous flow during sintering (775 °C) was limited within small local ranges 
(similar with fusion of secondary particles into tertiary particles) and driven by 
further condensation of remaining Si-OH groups on the surfaces of the tertiary 
particle (indicated by the weight loss from 550 to 800 °C), which resulted in further 
formation of –Si-O-Si- bonds (with water as a by-product), in addition to surface area 
energy effects, which is in good agreement with literature [54]. 
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Figure 3.5 The evolution of structural units during the sol-gel process of 70S30C and 
characterisation methods used. 
 
Microscopy images revealed the evolution of nanostructural units after different sol-
gel process stages: from secondary particles to tertiary particles as summarised in 
Figure 3.5. This was a coarsening effect driven by reduction in specific surface area 
of the nanoparticles and the reduction in surface Si-OH groups. The secondary 
particles maintain their dimension throughout the mixing, casting, aging and drying 
stages. This is because the temperature before and during the drying stage is too low 
to cause viscous flow according to the theory proposed by Hench and Wang, who 
suggested irreversible sintering takes place when heat treatment is higher than 400 °C 
[54] (Section 2.2.5). Local viscous flow started during stabilisation due to the high 
temperature, which resulted in fusion of secondary particles into tertiary particles. 
The nanopores then depend on the interstitial space between the tertiary particles. The 
surface area and the pore size further decreased due to the additional viscous flow at 
775 °C during the sintering stage. 
3.3.2 Calcium distribution evolution 
The point at which calcium is incorporated into the sol-gel glass network as a network 
modifier, when using calcium nitrate as a precursor, has been the source of much 
contention. ICP results show that Ca2+ concentration in the pore liquor (condensation 
by-products) of 70S30C after ageing is 1.08 ± 0.01 mol/L ((4.32 ± 0.04) ×105 ppm). 
After estimating the pore liquor volume and calculating the amount of dissolved 
calcium, it indicates that almost 100% of calcium dissolves in the pore liquor before 
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the drying stage therefore calcium nitrate deposits onto the surfaces of the silica 
secondary particles during the drying stage. Therefore, the final composition of 
bioactive glass would be changed if the pore liquor is removed before drying [119]. 
 
Figure 3.6 XRD patterns of Non-stabilised 70S30C at different temperatures. Peaks at 2θ 27° and 
40° are derived from sample holder platinum. 
 
Figure 3.6 shows the real time XRD patterns that indicate crystalline evolution within 
dried gel of 70S30C during the stabilisation, sintering stages and the crystallisation of 
wollastonite. There were no striking peaks in the XRD pattern of the dried gel, at 35 
ºC, except the peaks that are derived from the platinum sample holder (27º and 40º), 
indicating there was no large crystalline component within the dried gel. A series of 
Bragg peaks at 2θ values of 20.1°, 25.9°, 28.5°, 38.9°, and 40.7° appeared within the 
temperature range 100-400 °C. The observed peaks show a good match with the XRD 
pattern of crystalline calcium nitrate at room temperature (PDF#07-0204). This is 
similar to the conclusion drawn by Fitzgerald et al., who used synchrotron X-ray 
diffraction, to show that calcium nitrate crystals exist in the non-stabilised 70S30C 
and the dimension is maximised when heated to 400 °C [67]. The existence of 
calcium nitrate crystals in non-stabilised 70S30C implies that calcium nitrate was 
dissolved in the aqueous solution before the drying stage since if calcium is 
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incorporated into the silica network as the modifier, the nitrate crystal would not form. 
This is due to the ionic nature of the calcium precursor and excess HNO3, which 
results in the pH value of the sol (less than 2) being below the IEP (approximately 2) 
of SiOH groups [51] and thus Si-OH (or Si-OH2+) groups are dominant instead of Ca+ 
−O-Si groups. After being dried at 130 ºC, calcium nitrate is deposited onto the 
surface of the silica secondary particles. 
 
Thermal decomposition of nitrate takes place at 350-400°C during the stabilisation 
stage, which was indicated by nitrogen sorption (Figure 3.3) and XRD (Figure 3.6). 
This means that calcium nitrate cannot be used as precursor to introduce calcium into 
the composition of sol-gel derived materials that are processed at low temperatures, 
such as inorganic-organic hybrids (ORMOSILS). The surface area and pore volume 
of 70S30C increased rather than decreased during the stabilisation stage. This is 
because calcium nitrate deposited onto the secondary particles during the drying stage 
and covered the nano-texture of the silica secondary particles before the stabilisation 
stage, which decreased the surface area. After the nitrate was removed, more nano-
texture and inter-voids of secondary particles evolved to increase the surface area and 
the pore volume, respectively. This can be confirmed by the comparison between 
70S30C and 100S shown in Figure 3.3. The surface and total pore volume of 100S 
decreased rather than increased after the heat treatment during the stabilisation stage. 
The results are also in agreement with the TGA trace (Figure 3.4), which indicated 
that the weight loss caused by decomposition started at approximately 430 °C and 
ended at approximately 560 °C with a heating rate of 10 °C/min. 
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Figure 3.7 (a) 1H MAS-NMR spectra of 100S no stabilisation, 70S30C no stabilisation, 100S (×4) 
and 70S30C (×8); (b) 29Si MAS-NMR spectra of 100S no stabilisation, 70S30C no stabilisation, 
100S and 70S30C. 
 
1H and 29Si MAS-NMR results of 70S30C and 100S (both non-stabilised and 
stabilised) are shown in Figure 3.7a and Figure 3.7b, respectively. The integrated 
intensities of the 1H MAS-NMR spectra were calculated directly by using the 
spectrometer software (Table 3.1). The normalisation was carried out by weighing 
each sample and comparing the results with the integrated intensity of the reference 
adamantane spectrum. 
 
Table 3.1 The amounts of hydrogen in mol/g of samples as determined by 1H MAS-NMR 
Samples Hydrogen content (mol/g) 
100S non-stabilised (1.75±0.09)×10-2 
70S30C non-stabilised (1.71±0.08)×10-2 
100S (4.7±0.2)×10-3 
70S30C (9.3±0.3)×10−3 
 
It has been known that 1H MAS-NMR of the glasses can distinguish different proton 
species in the glasses at relatively modest spinning rates [62] due to the relatively low 
proton density and hence weak dipolar coupling. In the spectrum of the non-stabilised 
100S sample, the peak at approximately 5 ppm is due to adsorbed water at the silica 
surface [59]. The peak at approximately 1 ppm can be attributed to protons of silanol 
moieties. In the spectrum of 100S after stabilisation, there is a resonance at 2.9 ppm 
with a shoulder at 6.3 ppm and there is a loss of total proton signal of 73% compared 
77 
 
to 100S before the stabilisation stage. The peak at 2.9 ppm can be attributed to 
internal silanol groups and the shoulder peak can be attributed to external silanol 
groups. For 70S30C after the stabilisation stage, there are 2 resonances, 2.9 and −0.8 
ppm and the hydrogen signal is reduced by 65% compared to 70S30C before the 
stabilisation stage. The peak at −0.8 ppm can be attributed to the hydrogen atoms 
connected to Ca–O groups [186]. 
 
Table 3.2 29Si MAS-NMR data for measured samples, giving the spectral deconvolution into 
different Qn species. δ and I represent the 29Si chemical shift and relative intensity, respectively. 
Errors associated with measurements are δ ±2 ppm and Integral ±2%. 
Q0 Q1 Q2 Q3 Q4 Sample 
δ ppm I % δ ppm I % δ ppm I % δ ppm I % δ ppm I % 
100S non-
stabilised - - - - 91.4 8 100.8 34 110.1 58 
70S30 non-
stabilised - - - - 93.8 4 102.1 27 111.3 69 
100S - - - - 92.2 4 100.1 17 109.1 79 
70S30C 73.9 8 81.4 17 88.5 16 97.3 23 109.5 36 
 
The 29Si MAS-NMR spectra were deconvoluted by Gaussian fitting using WinFit 
software [57]. In looking at the range of samples, five signals could be distinguished 
with typical shifts of −72, −81, −91, −100 and −108 ppm, which correspond to 
different silicon species Q0, Q1, Q2, Q3 and Q4, respectively (Qn represents silicon that 
connects to n bridging oxygen). The results of the Gaussian fitting of all of the 29Si 
MAS-NMR spectra are summarised in Table 3.2. 
 
From the H content, the average OH groups per silicon could be calculated according 
to the compositions of bioactive glasses: SiO2•xH2O for 100S samples; 
SiO2• 7
3 Ca(NO3)2 •xH2O for 70S030C non-stabilised; SiO2• 7
3 CaO •xH2O for 
70S30C. Network connectivity was calculated according to the equation: 
Connectivity = 4×Q4% + 3×Q3% + 2×Q2% + Q1% [40]. The results are shown in 
Table 3.3 
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Table 3.3 OH groups per Si atom (calculated from 1H MAS-NMR) and silica network 
connectivity (calculated from 29Si MAS-NMR) of 100S, 70S30C non-stabilised and stabilised 
samples. 
Samples OH per Silicon via 
1H 
MAS-NMR 
Connectivity via 29Si 
MAS-NMR 
100S non-
stabilised 1.25 3.50 
100S 0.29 3.75 
70S30C non-
stabilised 1.21 3.65 
70S30C 0.39 2.62 
 
For the 100S samples, the number of OH groups decreased from 1.25 to 0.29 per 
silicon atom on average the after stabilisation stage and this is due to the removal of 
adsorbed water and further condensation of OH groups on the surface. The latter also 
caused an increase of the silica network connectivity from 3.5 to 3.75. A network 
connectivity below 4 confirms the structure still contained OH groups after 
stabilisation. For 70S30C samples, the number of OH groups per silicon atom also 
decreased from 1.21 to 0.39 after the stabilisation stage. However, the connectivity of 
70S30C decreased from 3.65 to 2.62 rather than an expected increase. This is believed 
to be due to the calcium incorporation into the silica network during the high-
temperature heat treatment in the stabilisation stage. The oxygen in the Si-O-Ca bonds 
is non-bridging oxygen, which was confirmed by Newport et al. [76]. 
 
However, regarding the consumed energy, it is difficult for the calcium ions to diffuse 
and break the Si-O bonds in the inner parts of secondary particles. This could cause 
the distribution of Ca2+ concentrates on the boundaries of the secondary particles. The 
inhomogeneity of Ca within the secondary particles was also indicated by the broad 
distribution of Si species from Q0 to Q4 (Table 3.2). (if calcium was homogeneously 
distributed within the secondary particles at atomic level, Si species would focus on 
one or two Qn species). The inhomogeneity is not consistent with the model 
established by Mead and Mountjoy [77] (calcium distribution is homogeneous at 
atomic level in the model). 
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Figure 3.8 Schematic illustration of the evolution of calcium distribution following the sol-gel 
process. (a) during the gelling stage; (b) after the drying stage; (c) and the stabilisation stage. 
 
The evolution of the calcium distribution is schematically illustrated in Figure 3.8. 
Before the drying stage, calcium nitrate dissolved in the sol before the gelling point 
and in the pore liquor after the gelling point as shown in Figure 3.8a. Calcium nitrate 
deposits onto the silica secondary particles during the drying stage as shown in Figure 
3.8b. During the stabilisation stage, as shown in Figure 3.8c, the nitrate decomposes 
and part of the calcium is incorporated into the network of the silica secondary 
particles as network modifiers. The remaining calcium helps the fusion of the 
secondary particles to become the tertiary particles. Therefore, calcium adopts a role 
as a nanoparticle “fuser” in sol-gel derived bioactive glass production. Although the 
structure in silica particles is illustrated as ordered in Figure 3.8, the ordered structure 
was not confirmed due to the limited detectable crystal dimension by using XRD. The 
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structure within the nanoparticles could be probed by using high-resolution NMR in 
future work. 
3.3.3 Effects on bioactivity properties 
The control of the nanostructure of the glasses is vital for biological applications. As 
reviewed in Section 2.1.2, bone bonding ability of bioactive glasses is attributed to the 
formation of the HCA layer [4], which bonds to the apatite in bone. Osteogenic 
stimulation of osteoblasts (bone cells) is thought to be due to the dissolution ions of 
the glasses (Si and Ca) signalling the cells at the genetic level [6]. HCA layer 
formation follows the dissolution of the glass, which is dependent on its specific 
surface area [11]. Therefore, the control of the structure will enable the control of the 
ion release and HCA formation. Surface area will also affect the amount of proteins 
that will adsorb to the material surface. For drug delivery applications, it is desirable 
to be able to load the nanoporous network of the glasses with growth factors. The 
growth factors have the potential to be delivered over sustained periods because they 
will be released as the glass dissolves. Tailoring the nanostructure would allow 
control of the release rate. 
3.4 Conclusions 
The complete evolution of the nanostructure of the binary bioactive glass 70S30C 
was characterised for the first time following a sol-gel processing route. Secondary 
particles, 5-8 nm were visualised during the gelling stage and found to aggregate into 
a dried gel after the drying stage, which cause significant shrinkage during the drying 
stage. The secondary particles fuse into the tertiary particles of around 10-30 nm 
diameter during the stabilisation stage. The modal pore size of 70S30C was 
successfully modified from 12.5 to 9.1 nm by sintering for 16 h at 775 °C. Local 
viscous flow during the sintering stage was confirmed by comparing the results of the 
surface area and the nanoporosity before and after sintering. The nanopores derived 
from the interstitial spaces between assembling nanoparticles. ICP results proved that 
calcium nitrate dissolves in pore liquor before the drying stage. Calcium nitrate 
crystals were present in the gel until thermal treatment to above 400 °C, when it is 
incorporated into the silica network after decomposition during the stabilisation stage. 
This significantly decreases the silica network connectivity. Calcium acts not only as 
network modifier but also as a “fuser” of the secondary particle to enhance the fusion 
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into tertiary particles. Cellular response and protein adsorption to materials is known 
to be affected by the nanotopography, therefore understanding the evolution of the 
nanostructure of the glasses will enable the glasses to be tailored for optimal cell 
response for particular applications. 
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Chapter 4. Improvement of homogeneity2 
4.1 Introduction 
Few studies have been conducted to analyse and improve the homogeneity of 70S30C 
monoliths. It is important first to understand the reason for the inhomogeneity. In 
Chapter 3, it has been found that calcium, which is added to the process as calcium 
nitrate, is not incorporated in the silica network until a temperature of 400ºC is 
reached [67, 183]. During the ageing stage of the sol-gel process, where the gel is kept 
in a sealed mould and heated to 60 ºC, almost all of the calcium nitrate dissolves in 
the pore liquor, which is generated by the by-products of the condensation reactions 
(gelation) [183]. During the drying stage, calcium nitrate deposits on the surface of 
the gel and calcium begins to be incorporated as the temperature rises above 400 ºC 
during the stabilisation stage [67, 183] and the incorporation continues for the 
remainder of the stabilisation stage [67]. The diffusion of Ca2+ into the silica network 
is then the critical factor as to how homogeneous the glass will be, which implies that 
monoliths will be less homogeneous in terms of calcium distribution than a foam with 
interconnected macropores which would have smaller diffusion distances. Glass 
particles are also usually produced by synthesising gel monoliths, which are then 
ground, therefore a homogeneous monolith is required to guarantee reproducible 
particles. 
 
Since the homogeneity is vital for commercial products, the overall aim of this 
chapter is to improve homogeneity of 70S30C monoliths. The first objective was to 
characterise the two distinct different compositional regions in 70S30C monoliths 
produced by the traditional method [8], investigating the origin of the inhomogeneity. 
Traditional 70S30C and TheraGlass® are compared. One aim of this chapter was to 
repeat the Zhong and Greenspan strategy while compensating for the lost calcium. 
However, the main hypothesis for improving homogeneity was that improving the 
diffusion of Ca2+ would improve the calcium distribution. Combinations of 
                                                 
2
 Another form of this chapter is in press for publication 187. Lin, S., Ionescu, C., Baker, S., Smith, 
M.E., and Jones, J.R., Characterisation of the inhomogeneity of sol–gel-derived SiO2–CaO bioactive 
glass and a strategy for its improvement. Journal of Sol-Gel Science and Technology, 2010. 53: p. 255-
262. 
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hydrophobic mould materials and controlled drying rates were proposed to improve 
the homogeneity of the glasses. 
4.2 Experimental 
4.2.1 Synthesis of traditional 70S30C monoliths 
The synthesis of traditional 70S30C sol-gel derived bioactive glass monoliths 
followed a previously described protocol [8] and the details were shown in Section 
3.2.1. The heating rate of TheraGlass® during the drying stage of NovaThera protocol 
was changed back to 0.1 from 0.2 °C/min to further improve the homogeneity. The 
original heating rate is 0.1 °C/min whereas NovaThera Ltd changes the rate into 0.2 
°C/min to accelerate the manufacture. The effects of the heating rates during the 
drying stage and the effects of different surface materials of the moulds were 
compared. 
4.2.2 Characterisation of compositional inhomogeneity 
The calcium concentration of samples in the two regions (translucent and opaque, 
detailed in Section 4.3.1) was characterised by using secondary ion mass spectrometry 
(SIMS, FIB200-SIMS, FEI Ltd). Samples at the two regions were taken and ground 
into powders before coated with gold at 30 mA for 2.5 minutes. A gallium ion beam 
of 30 keV was applied as the primary beam; with a radio frequency electric 
quadrupole used as mass analyser and a continuous dynode multiplier used as the 
detector for Ca ions. The sampling time was 2 s for each element; sampling area was 
10 × 10 µm; the current was 7 nA. SIMS is a technique to analyse the surface 
composition of solid surfaces and thin films by sputtering the surface of samples with 
a focused ion beam (FIB) within vacuum. The emitted secondary ions were collected 
and quantified with mass spectrometer in order to determine the elemental and 
isotopic composition of the sample surfaces. SIMS is a very sensitive surface analysis 
technique, which is able to detect elements present in the parts per billion range. 
 
The composition of the translucent and opaque regions was also characterised using 
the technique of XRF, which was conducted by Ceram Research Ltd. Standard 
measurement methods BSENISO12677 (details held by Ceram Research Ltd.) and 
Ceram Research in-house C201 procedure were followed. Samples were ground in a 
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mill and then mixed with a flux and fused in a furnace at 1200 ºC. The resulting bead 
was run on an XRF instrument against a calibration of primary standards. The 
mechanism of XRF technique is based on the phenomenon that characteristic 
fluorescent X-ray can be excited by bombarding samples with high-energy X-ray. The 
technique is widely used for chemical analysis. Compared to SIMS technique, XRF 
quantifies the bulky composition whereas SIMS focuses on the surface. The two 
techniques can complement each other to accurately conduct chemical analysis. 
 
The nanostructures of the distinct translucent and opaque components of 70S30C 
monoliths were imaged using TEM (JEOL JEM-2010). The protocols to prepare and 
characterise samples are same with those detailed in Section 3.2.2. The principle of 
TEM was given in Section 3.2.2. 
 
Porosity analysis was conducted with monolith samples by using nitrogen sorption 
(AS6®, Quantachrome Instruments, UK). The protocols to prepare and characterise 
samples are same with those detailed in Section 3.2.2. The principle of nitrogen 
sorption was also given in Section 3.2.2. 
 
1H and 29Si solid state MAS-NMR spectroscopy were used to determine the hydrogen 
content and distribution of individual Si species, respectively. The 1H MAS-NMR 
spectra were recorded using a Bruker 500 MHz spectrometer operating at 500.097 
MHz. MAS spectra were recorded with a Bruker 4 mm MAS probe spinning at 12.5 
kHz, using a 2.5 µs (90° tip angle) pulse and a 5 s recycle delay. The chemical shift 
was referenced externally to adamantane (C10H16) at 1.8 ppm. Each sample was 
weighed to determine the proton content per unit mass. 29Si MAS-NMR was 
conducted with same protocol detailed in Section 3.2.3. The principle of NMR was 
also given in Section 3.2.3. 
4.2.3 Improvement of glass monolith homogeneity 
Various methods were tried to improve the monolith homogeneity. Firstly, the 
monolith was cast into a smaller (0.2 cm3) PMP mould. Secondly, the pore liquor was 
removed before the drying stage and the calcium in the removed liquor was quantified 
by using ICP (Optima 2000 DV, Perkin Elmer, UK). Calcium dissolved in the 
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removed pore liquor was compensated for by adding more calcium nitrate during the 
initial sol mixing stage. 
 
Finally, Teflon was used as a new mould material at NovaThera Ltd. A synthesis 
procedure was followed based on that of traditional 70S30C monoliths, with the 
difference that Teflon moulds were used with dimensions of 620 mm × 500 mm × 70 
mm; the heating rate during the drying stage was increased from 0.1 °C/min to 0.2 
°C/min (in order to accelerate the procedure); the samples were put into the ageing 
stage immediately after the casting stage. The heating rate was then changed back to 
0.1 °C/min to investigate the effects of heating rate. 
4.3 Results and discussion 
4.3.1 Characterisation of inhomogeneity 
 
Figure 4.1 Cross-section of a stabilised 70S30C monolith made with the traditional method. 
 
Figure 4.1 clearly shows, after the stabilisation stage, the separation of 70S30C 
monoliths into distinct components, a central translucent part is surrounded by an 
opaque part. The thickness of the opaque part ranges from 0.5 to 3 mm. Figure 4.2 
shows the different calcium distributions obtained by SIMS for the opaque and 
translucent components of the traditional 70S30C, TheraGlass® (NovaThera Ltd) and 
from the Teflon sample. The calcium concentration was much higher in the opaque 
part than in the translucent part of the traditional 70S30C. This result is similar to that 
reported by Saravanapavan and Hench [8], who found the inhomogeneity by using 
EDX. The composition data of the components obtained from XRF are also shown in 
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Table 4.1, which confirm SIMS results. The opaque region of TheraGlass® was too 
thin to be analysed by XRF. It cannot be ignored that the ratios of the Ca content in 
opaque regions over that in translucent regions are not consistent when comparing the 
XRF (approximately 2:1) and SIMS (approximately 8:1) results. This is because 
SIMS is a surface analysis technique whereas XRF focuses on the bulky density 
(mechanism given in Section 4.2.2). The Ca concentrated on the secondary particle 
boundaries (proved in Chapter 3) could cause the difference between the SIMS and 
XRF results in terms of Ca content. 
 
Figure 4.2 Calcium concentrations in the opaque and translucent regions of traditional 70S30C 
monoliths and the samples with various improvement methods obtained by SIMS. 
 
Table 4.1 Composition (from XRF), surface area and modal pore size (from nitrogen sorption) of 
the regions of various samples. 
Samples 
SiO2 content 
(mol%) 
CaO content 
(mol%) 
Surface 
area (m2/g) 
Modal pore 
size (nm) 
70S30C translucent region 77.63 14.64 173 ± 6 12.48 ± 0.03 
70S30C opaque region 63.68 31.82 58.6 ± 0.1 84 ± 4 
TheraGlass® translucent region 70.85 26.22 173 ± 3 17.4 ± 0.2 
Teflon moulded 70S30C 69.18 27.38 168 ± 4 16.8  ± 0.2 
 
The TEM images in Figure 4.3a and Figure 4.3b show the nanostructure of the opaque 
and translucent components in the traditional 70S30C monoliths, respectively. The 
studies in Chapter 3 [183] have shown that the 70S30C glass network forms by a 
coalescence of the primary nanoparticles which grow and agglomerate during the 
condensation reactions to form the secondary particles, which then fuse into the 
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tertiary particles during the stabilisation stage [183]. Figure 4.3a and Figure 4.3b 
show the presence of the nano-particle structural units and also that the opaque region 
of the glasses consisted of much larger particles, with the diameters greater than 50 
nm, compared to the translucent region, in which they were approximately 10 – 20 nm. 
 
Figure 4.3 TEM images of the nanostructures of particles taken from 70S30C monoliths from the 
(a) opaque regions; (b) translucent regions. 
 
Nitrogen sorption results shown in Figure 4.4 and Table 4.1 indicate higher modal 
pore diameter nanoporosity and smaller specific surface area for the opaque region 
(84 nm and 58.6 m2/g, respectively) compared to the translucent region (12.5 nm and 
173 m2/g, respectively). A higher calcium concentration produced larger nanopores, 
which is consistent with conclusions drawn by previous researchers [72]. The results 
confirm the results shown in TEM images (Figure 4.3a and Figure 4.3b) since larger 
particle structural units produce larger interstitial spaces and smaller surface area and 
the nanopores are derived from the interstitial spaces between the tertiary particles 
[183]. A higher concentration of calcium fuses more secondary particles into larger 
tertiary particles and leaves larger voids between the tertiary particles resulting in 
larger nanopores. Ca addition also reduces the connectivity of the silica network (the 
role of Ca as network modifier), increasing the number of non-bridging oxygen bonds, 
which opens up the network, producing larger pore sizes. 
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Figure 4.4 Nanopore size distributions (from nitrogen sorption) in the translucent and opaque 
regions of traditional 70S30C monoliths, of TheraGlass® and Teflon moulded 70S30C. 
 
The transparency difference between the two regions can be explained by the different 
nanopore sizes (Figure 4.4). Since the dimensions of the larger nanopores (larger than 
200 nm) in the opaque region approaches the wavelength of visible light, the 
nanopores in the opaque region cause light scattering and have lower transparency 
due to light diffraction. In addition, the light scattering could also be caused by the 
different compositions in the two regions. The higher Ca content in the opaque 
regions could interfere with the glass transparency via modifying the dielectric 
properties of the glasses. 
 
Hench and West [51] proposed that OH groups remained on the glass surface 
(products of the hydrolysis reactions during the mixing stage and cannot be 
completely removed during the stabilisation stage) and hydrogen-bonded water (the 
concentration of which is determined by OH groups, Section 2.2.5) could absorb light, 
the wavelength of which ranges from 160-4500 nm. The transparency difference 
between in the two regions could thus be due to the difference of surface OH group 
density in the two parts. Therefore, NMR was used to verify the effects of OH groups. 
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Figure 4.5 (a) 1H MAS-NMR spectra of the samples taken from (i) the translucent and (ii) the 
opaque regions of traditional 70S30C monoliths; (b) 29Si MAS-NMR spectra of the samples in (i) 
the translucent regions and (ii) the opaque regions of the traditional 70S30C monoliths. 
 
1H MAS-NMR results of the opaque and translucent parts are shown in Figure 4.5a. 
The broad component at 5 ppm on both samples corresponds to adsorbed water at the 
silica surface [59]. The two sharp peaks at approximately 4 ppm and 1 ppm can be 
attributed to internal and isolated (non-hydrogen bonded) silanol groups, respectively. 
The hydrogen contents in the two regions are shown in Table 4.2, which shows that 
the hydrogen content in the opaque part is approximately 50% of the translucent 
region. This indicates that the surface OH groups and hydrogen-bonded water did not 
contribute to the transparency difference between the two parts. The difference is 
primarily due to the different nanopore sizes that result in different light scattering. 
The lower hydrogen contents in the opaque parts could be due to the higher 
concentration of calcium that replaces the OH groups on the glass surface. 
 
Table 4.2 Hydrogen content in 70S30C bioactive glass (traditional method) calculated from 1H 
MAS-NMR spectra. 
Samples Hydrogen content (mol/g) 
Translucent region (7.8 ± 0.4) × 10−4 
Opaque region (3.5 ± 0.2) × 10−4 
 
29Si MAS-NMR spectroscopy further confirmed the calcium distribution in the 
translucent and the opaque regions by quantifying individual Si species in the silicate 
matrix. The 29Si MAS-NMR spectra are shown in Figure 4.5b and the quantification 
of Si species was conducted by deconvoluting with DMFIT software [57] for the 
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samples of the translucent region. The results of deconvolution of the spectra are 
shown in Table 4.3. Si species associated with calcium ions are denoted by nCaQ , 
which represents a Si atom that has n bridging oxygen and (4-n) non-bridging oxygen 
that connects to calcium ions. The composition of Si species associated with calcium 
ions ( 3CaQ , 2CaQ and 1CaQ ) were higher in the opaque region than those in the translucent 
region and the silica network connectivity was higher in the translucent region. This 
also confirms the results of SIMS and XRF that the Ca concentration was higher in 
the opaque part than in the translucent part. 
 
Table 4.3 29Si MAS-NMR data of 70S30C bioactive glass (traditional method), giving the spectral 
deconvolution into different Qn species. δ and I represent the 29Si chemical shift and relative 
intensity, respectively. Errors associated with measurements are δ ±2 ppm and Integral ±1%. 
1
CaQ  2CaQ  3CaQ , 2HQ  3HQ  4Q  
Samples 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
Translucent region - - –83.2 2 –91.9 8 –101.1 21 –111.6 69 
Opaque region –73.5 1 –81.7 6 –90.4 9 –100.2 20 –112.2 64 
4.3.2 Summary of the inhomogeneity mechanism 
Previous studies in Chapter 3 showed that when calcium nitrate is used as the calcium 
precursor it dissolves in the pore liquor during the casting and ageing stage [183]. 
Approximately 25% of the total pore liquor (the by-product of the condensation 
reactions) is expelled out of the gel [183]. Calcium was also found not to be 
incorporated into the silica network until a temperature of 400 ºC is reached [67, 183]. 
Due to the shrinkage of the gels during the ageing stage, much of the pore liquor and 
calcium nitrate are expelled out of the gels. The calcium nitrate deposits on the outer 
parts of the gel during the drying stage. During the drying stage, the Ca2+ diffuses into 
the gel but the diffusion path is very long for Ca2+ to reach the inner part of the gel 
monoliths. Therefore, the outer regions of the monoliths have a high Ca content than 
the centre. The higher Ca concentration in the outer regions results in larger tertiary 
particles, due to the role that calcium plays in fusing the particles during the 
stabilisation stage, and the larger particles leave larger nanopores in the outer regions 
than the inner regions since the nanopores are derived from the interstitial spaces 
between the tertiary particles. The larger nanopores lead to poor transparency due to 
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light diffraction mechanisms. According to the suggested mechanism causing 
inhomogeneity, various methods were used to improve the homogeneity. 
4.3.3 Improvement of glass monolith homogeneity 
The first method utilised in this study was the decrease of mould dimension. As the 
accumulation of calcium nitrate in the opaque component is due to diffusion 
difficulties, the decreased sample dimension reduced the diffusion path of Ca2+ within 
the pore liquor and improvement of the sample homogeneity was expected. However, 
the separation still existed even though the mould dimension was decreased to 0.2 cm3 
(Figure 4.6a, bottom row). The discs still had two regions with different 
transparencies. 
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Figure 4.6 (a) Inhomogeneity of traditional 70S30C monoliths (top row), monoliths improved by 
pore liquor removal (middle row) and monoliths of smaller diameter (bottom row); (b) Monoliths 
improved using Teflon mould at higher drying rate (TheraGlass®, top row) and samples 
improved by using Teflon mould at lower drying rate (bottom row). 
 
The second method was the removal of the pore liquor before the drying stage, similar 
to the method proposed by Zhong and Greenspan [119], except that the lost calcium 
dissolved in the removed liquor was compensated for by adding more calcium nitrate 
during mixing stage. However, although the homogeneity was improved, the 
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inhomogeneity still existed after stabilisation as shown in Figure 4.6a (middle row). 
Therefore, this method is not viable in commercial production. 
 
The final method was the decrease of mould surface hydrophilicity by use of Teflon 
moulds. No distinct separation was observed after stabilisation as shown in Figure 
4.6b (bottom row). This might be due to the high hydrophobicity of the Teflon surface. 
It effectively inhibited calcium nitrate nucleation and deposition onto the outer 
surface of the gel during the drying stage, which enhanced the diffusion of Ca2+ into 
the nanoporous network. The surface also provides sufficient time for Ca2+ in the 
expelled pore liquor to diffuse into inner regions of the gels to make the Ca2+ 
concentration homogeneous within the gel monoliths during the drying stage. 
Therefore, calcium nitrate could evenly deposit onto both the outer and inner regions 
of the gels. The homogeneous distribution of calcium was thus obtained after the 
stabilisation stage. Therefore, the results indicate that Teflon moulds can significantly 
improve the homogeneity of the 70S30C monoliths and produce glasses with 
homogeneous nanostructure and composition. However, the thermal processing was 
also critical in terms of the drying rates. 
 
NovaThera Ltd increased the heating rate of the drying stage from 0.1 °C/min to 0.2 
°C/min to accelerate the synthesis process. The monoliths produced by this method, 
termed TheraGlass® (Figure 4.6b, top row) have improved homogeneity compared to 
monoliths synthesised by using poly methyl pentene moulds (Figure 4.6a, top row). 
However, minor inhomogeneity still existed as a thin white layer surrounding the 
translucent component (the middle piece) compared to 70S30C monoliths dried at 0.1 
°C/min (Figure 4.6b, the lower row). This indicates that the drying rate is another 
important factor to improve homogeneity. The layer was too thin to use for nitrogen 
sorption or XRF analysis. Compared to a high drying rate synthesis, the synthesis at a 
low drying rate could provide more time for the expelled calcium nitrate to diffuse 
into the inner regions of the gels before the deposition onto the outer surface of the gel 
and lead to a more homogeneous calcium distribution. This is why the synthesis at a 
low drying rate further improved the homogeneity. 
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The improved samples were also characterised by using SIMS, and XRF; the results 
are shown and compared in Figure 4.2 and Table 4.1, respectively. The results show 
that the samples improved by using a Teflon mould had a more homogenous calcium 
distribution and the calcium concentration was between the values of the opaque and 
translucent parts in the normal 70S30C monoliths. The nanopore size of the improved 
samples was also compared with that of normal 70S30C by using nitrogen sorption in 
Figure 4.4 and the modal diameter (17 nm) was also found to be between the values 
of the opaque (84 nm) and translucent (12 nm) parts in the normal 70S30C monoliths. 
These results confirm the improvement of the sample homogeneity by using Teflon as 
mould materials. The modal nanopore size of the Teflon moulded monoliths was 
similar for both drying rates. 
4.3.4 Summary of methods for improved homogeneity 
To produce monoliths and particles with improved homogeneity, the traditional 
method for 70S30C synthesis [8] can be used, but the sol must be cast in hydrophobic 
moulds. Monolith diameter and height, and the height/diameter ratio should be kept to 
a minimum to allow efficient Ca2+ diffusion and drying. A low drying rate of 0.1 
ºC/minute is required to allow controlled evaporation of pore liquor, to prevent 
cracking, and to allow time for calcium nitrate to be distributed throughout the gel. 
This is less critical for open cell foams [9, 17] as the macropores allow efficient 
evaporation during the drying stage and the thin struts allow Ca2+ diffusion and 
calcium distribution throughout the silica network. 
4.4 Conclusions 
Sol-gel derived 70S30C glass monoliths produced using the traditional method were 
heterogeneous, with translucent regions towards the centre of the monolith and thick 
opaque regions around the outside. The opaque region had a larger nanopore size than 
that in the translucent region. The nanostructural difference is derived from the 
heterogeneous calcium distribution within the monoliths, which resulted from the 
diffusion difficulties of the Ca2+ during the drying stage. The higher calcium 
concentration in the opaque region results in larger nanopores due to the role of the 
calcium fusing silica nanoparticles together during the stabilisation procedure in the 
sol-gel process. The monolith homogeneity was successfully improved by using 
Teflon as the mould material and the inhomogeneity was not observed in the 
95 
 
improved samples. This is because the high hydrophobicity of the mould surface 
effectively inhibits calcium deposition and provides more time for the calcium to 
diffuse into the inner parts of the gels in order to enhance the homogeneous calcium 
distribution. The drying rate during the drying stage is another important factor and 
low drying rates improves the homogeneity of the glass monoliths. 
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Chapter 5. Nanoporosity tailoring3 
5.1 Introduction 
As shown in Chapter 3, the nanopores of the sol-gel derived bioactive glasses derive 
from the interstitial spaces between tertiary particles, which are the nanostructural 
units of the 70S30C sol-gel derived bioactive glasses. The tertiary particles (10-30 nm) 
are generated by the fusion of smaller secondary particles (~5 nm) during the thermal 
stabilisation [183]. 
 
As reviewed in Section 2.4.1, nanopore size can be reduced by sintering, but sintering 
also increases the network connectivity, which could affect bioactivity. The aim of 
this chapter is to test the hypothesis that condensation inhibitors added before the 
stabilisation stage could interfere with the fusion of secondary particles and modify 
the interstitial spaces between the nanoparticles, which could tune the nanopore sizes. 
Trimethylethoxysilane (TMES, C2H5O-Si-(CH3)3) is a potent condensation inhibitor 
due to its mono-functional-group chemical structure. It can also act as a cap on the 
surface of the silica nanoparticles formed during the condensation stage and inhibit 
further condensation reactions between the surface OH groups of the structural units. 
TMES was used previously to decrease surface hydrophilicity of the MCM series of 
materials and stabilise surface OH groups from water molecules and hydrolysis [116]. 
 
In this chapter, TMES is used to modify the nanoporosity of sol-gel derived bioactive 
glasses through its addition to the sol-gel process. The relationship between the added 
TMES amounts and the modal pore diameters of the glasses was investigated. In this 
chapter, a protocol to tune the nanoporosity of sol-gel derived bioactive glasses was 
developed, which provides a platform for further studies on the relationship between 
the protein adsorption and various nanopore sizes (Chapter 6). 
                                                 
3
 Another form of this chapter is in press for publication 188. Lin, S., Ionescu, C., Valliant, E.M., 
Hanna, J.V., Smith, M.E., and Jones, J.R., Tailoring the nanoporosity of sol-gel derived bioactive glass 
using trimethylethoxysilane. Journal of Materials Chemistry, 2010. 20: p. 1489-1496. 
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5.2 Experimental 
The synthesis of traditional 70S30C monoliths (T-70S30C, 70S30C without TMES) 
was based on a previously described protocol [8] and the details were shown in 
Section 3.2.1. 
 
New materials were synthesised by adding TMES at different stages of the process. 
Two groups of samples modified with TMES (TMS-70S30C) were synthesised: 
TMS-A series, where the TMES was added to the sol prior to casting (2 h after adding 
TEOS to water) and TMS-B, where the TMES was added after casting the sol and 
leaving it at room temperature for 72 h. For both TMS-A and TMS-B, specific 
amounts of TMES was added to 35 ml of T-70S30C sol and vigorously agitated for 1 
h. Sub-groups within the TMS-A and TMS-B samples were divided according to the 
added TMES amounts, which determined the TMES:TEOS ratio (TT ratio). The 
details are shown in Table 5.1. 
 
Table 5.1 The dosage of trimethylethoxysilane per 35 ml of T-70S30C of TMS-A and TMS-B sub-
groups (TT ratios are the molar ratios of TMES over TEOS). 
Samples Time point of addition TMES (ml) per 35 ml sol TT Ratio 
TMS-A1 Before casting 1 1:16 
TMS-A2 Before casting 2 1:8 
TMS-A4 Before casting 4 1:4 
TMS-A6 Before casting 6 3:8 
TMS-B1 Before ageing 1 1:16 
TMS-B2 Before ageing 2 1:8 
TMS-B3 Before ageing 3 3:16 
TMS-B4 Before ageing 4 1:4 
 
Porosity analysis was conducted with monolith samples by using nitrogen sorption 
(AS6®, Quantachrome Instruments, UK). The protocols to prepare and characterise 
samples are the same as those detailed in Section 3.2.2. The principle of nitrogen 
sorption was also given in Section 3.2.2. 
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NMR spectroscopy was used to better understand the trimethylsilylation reactions by 
comparing 29Si and 1H MAS-NMR spectra of the T-70S30C and TMS-70S30C 
samples. 29Si MAS-NMR was conducted using the same protocol as detailed in 
Section 3.2.3. 1H MAS-NMR was conducted using the same protocol as detailed in 
Section 4.2.2. The principle of NMR was given in Section 3.2.3. 
 
TEM (JEOL JEM-2010) was used to further study the nanoporosity modification 
mechanism by comparing the nanostructure of T-70S30C and TMS-70S30C (both 
non-stabilised and stabilised). The protocols to prepare and characterise samples are 
same as those detailed in Section 3.2.2. The principle of TEM was given in Section 
3.2.2. 
5.3 Results and discussion 
Both series of glasses modified by TMES (collectively termed TMS-70S30C) were 
less transparent compared to T-70S30C samples, especially the samples with high 
TMES content. As discussed in Section 4.3.1, the lower transparency could be due to 
the TMS-70S30C glasses having larger nanopores than the T-70S30C samples since 
the larger pores are likely to scatter light more efficiently. TMS-A samples were 
found to have separated into two components, termed upper and lower components. 
TMS-B glasses were more homogeneous. Regarding the inhomogeneity of T-70S30C 
discussed in Chapter 4, only the translucent parts in T-70S30C were used to compare 
with TMS-70S30C. 
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Figure 5.1 29Si MAS-NMR spectra of the two separated components (lower and upper) in non-
stabilised TMS-A4 and non-stabilised TMS-B4 samples. 
 
The separation of components in TMS-A was hypothesised to be due to a 
heterogeneous TMES distribution, since a lower liquid component (a thin liquid layer 
beneath the sol) was observed after the mixture of the TMES with the sol. The lower 
liquid component was likely to be unreacted TMES (including hydrolysis products 
(CH3)3Si-OH and self-condensation products (CH3)3Si-O-Si(CH3)3) that was 
immiscible with the sol. MAS-NMR was used to confirm this hypothesis. TMS-B4 
and TMS-A4 were made with the same TT (TMES:TEOS) ratio (1:4) and were used 
to determine how the point of TMES addition affects the process and the glass 
structure. The 29Si MAS-NMR spectra of dried, but not stabilised, TMS-B4 and both 
upper and lower components of TMS-A4 are shown in Figure 5.1. Non-stabilised 
samples were used as they still contain organic components from the TMES. Relative 
proportions of the different Q species and network connectivity (calculated from the 
composition of various Q species (NMR results) and the calculation procedures were 
detailed in Section 3.3.2 [40, 183, 189]) are given in Table 5.2. 
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Table 5.2 29Si MAS-NMR data for the samples, giving the spectral deconvolution into different Qn species. δ and I represent the 29Si chemical shift and relative 
intensity, respectively. Errors associated with measurements are δ ±2 ppm and Integral ±1%. 
HO-Si(CH3)3 -Si-O-Si(CH3)3 Q0 Q1 Q2 Q3 Q4 
Samples δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
δ 
(ppm) 
I 
(%) 
Network 
connectivity 
TMS-A4 Non-
stabilised 
upper 
component 
17.4 1 12.9 10 - - - - –93.1 2 –102.1 18 –111.4 69 3.44 
TMS-A4 Non-
stabilised 
lower 
component 
17.0 4 12.2 40 - - - - –91.1 1 –100.4 17 –108.4 38 2.45 
TMS-B1 Non-
stabilised 17.7 2 13.5 6 - - - - –94.6 3 –102.4 22 –111.5 67 3.46 
TMS-B2 Non-
stabilised 18.9 2 14.2 17 - - - - –92.3 2 –100.3 21 –109.0 58 3.16 
TMS-B3 Non-
stabilised 17.0 5 12.2 23 - - - - –93.1 2 –101.8 20 –110.1 50 2.87 
TMS-B4 Non-
stabilised 16.5 4 11.8 29 - - - - –93.5 2 –101.7 17 –110.1 48 2.76 
T-70S30C 
Non-stabilised - - - - - - - - –93.8 4 –102.1 27 –111.3 69 3.65 
TMS-A4 
Stabilised 
upper 
component 
- - - - –77.1 5 –83.9 5 –91.8 5 –101.7 26 –110.8 59 3.29 
TMS-B2 
Stabilised - - - - - - –80.5 4 –91.4 7 –99.6 19 –109.1 70 3.55 
T-70S30C 
Stabilised - - - - –73.9 8 –81.4 17 –88.5 16 –97.3 23 –109.5 36 2.62 
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Figure 5.1 shows that more -Si-O-Si(CH3)3 bonds were found in the lower component 
of TMS-A4 compared to the upper component. The Q4 species concentration in the 
lower component (38%) was also much lower than the upper component (69%) as 
shown in Table 5.2. This caused the mean silicate network connectivity of the lower 
component (2.45) to be significantly lower than that of the upper component (3.44). 
TMS-B4 was made with the same TT ratio as TMS-A4; however, both the -Si-O-
Si(CH3)3 bond content (29%) and the network connectivity (2.76) of TMS-B4 were 
between the values of the upper and lower components in TMS-A4 (Table 5.2). The 
results indicate that the hypothesis was correct. 
 
Figure 5.2 Nanopore size distributions (BJH method) from nitrogen sorption of (a) TMS-A; (b) 
TMS-B samples. 
 
Table 5.3 Surface area and modal pore size of stabilised T-70S30C and TMS-70S30C (upper 
components of all the samples, including the lower components of TMS-A4) characterised by 
nitrogen sorption. 
Samples TT Ratio Surface area m2/g Modal pore size nm 
T-70S30C 0 173 ± 6 12.48 ± 0.03 
TMS-A1 1:16 169 ± 30 16 ± 2 
TMS-A2 1:8 236 ± 11 7.80 ± 0.02 
TMS-A4 
upper component 
1:4 
overall 166 ± 18 30 ± 2 
TMS-A4 
lower component 
1:4 
overall 10 ± 4 N/A 
TMS-A6 3:8 130 ± 7 N/A 
TMS-B1 1:16 108 ± 55 16 ± 3 
TMS-B2 1:8 62.6 ± 0.4 33 ± 5 
TMS-B3 3:16 33 ± 9 40 ± 32 
TMS-B4 1:4 14  ± 1 N/A 
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To test the effect of TMES addition and TT ratio on the nanoporosity, nitrogen 
sorption was used to compare the nanopore size distributions of T-70S30C and TMS-
70S30C (Figure 5.2 and Table 5.3). The results indicate that the nanoporosity of 
TMS-70S30C samples was successfully modified compared to T-70S30C, depending 
on the amount of TMES added and when it was added. The lower components of 
TMS-A sample were found to have no nanoporosity (according to the results in Table 
5.3). The upper components of TMS-A were thus used for further analysis. The 
samples that had a significant increase in nanopore size were TMS-A4 (upper 
component, TT ratio 1:4) and TMS-B2 (TT ratio 1:8), with modal pore diameters of 
approximately 30 nm compared to 12 nm for the T-70S30C. The greatest increase in 
pore size was observed for TMS-B4 samples (TT ratio 3:16), where mean modal pore 
diameter was 60 nm. However, the result was not reproducible for TMS-B4 samples, 
with values as low as 8 nm being measured. 
 
Pore size increased as the amount of TMES increased, until a maximum was reached 
so there is a critical TT ratio in both the TMS-A and TMS-B series (1:4 for TMS-A 
and 1:8 for TMS-B). For TMS-A samples, when the TT ratio was larger than 1:4, the 
samples were not nanoporous (e.g. TMS-A6) and when the ratio was lower than 1:4, 
the nanoporosity was similar to T-70S30C (e.g. TMS-A1 and TMS-A2). For TMS-B 
samples, when the TT ratio was larger than 1:8, the samples had no nanoporosity (e.g. 
TMS-B3 and TMS-B4) whereas when the ratio was lower than 1:8, there were small 
increases in nanopore size (e.g. TMS-B1, the modal pore diameter increased from 12 
to 16 nm). 
 
The critical values of the TT ratio can be explained by the initial hypothesis, which is 
that the use of TMES inhibits the fusion between the secondary particles via the 
trimethylsilylation reactions. Excess TMES (i.e. when the TT ratio was higher than 
the critical value) may completely block the fusion, leaving discrete secondary 
particles and removing the nanoporosity. On the other hand, insufficient TMES (TT 
ratio lower than the critical value) does not effectively inhibit the fusion that occurs in 
the traditional process, resulting in minor or no changes in the nanoporosity. The 
difference in the critical TT ratio between TMS-A and TMS-B samples can be 
explained by different reaction kinetics of TMES at different time points during the 
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sol-gel process, which can also explain the homogeneity difference between TMS-A 
and TMS-B samples. These hypotheses were confirmed by using NMR and TEM. 
 
Figure 5.3 29Si MAS-NMR spectra of non-stabilised T-70S30C and TMS-B series samples with 
various TT ratio. 
 
To explore the mechanism of nanopore enlargement and verify the original hypothesis, 
29Si MAS-NMR was conducted on the glasses after drying and prior to stabilisation. 
29Si MAS-NMR spectra of TMS-B series samples are shown in Figure 5.3. The 
chemical shifts and relative intensities of the Si species and mean network 
connectivity are shown in Table 5.2. Organic siloxane bonds -Si-O-Si(CH3)3 were 
identified in the TMS-B samples by the peak at approximately 13 ppm chemical shift. 
The intensities associated with these bonds increased as the TT ratio increased and the 
intensity of peaks associated with the Q3 and Q4 species decreased (Table 5.2). The 
network connectivity decreased as the TT ratio increased, verifying the hypothesis 
that trimethylsilylation reactions occurred during the sol-gel processes of TMS-
70S30C samples, decreasing the network connectivity of the glass by replacing the 
silanol groups (Si-OH) with -Si-O-Si(CH3)3 groups and inhibiting the condensation 
reactions. The inhibitive effects were enhanced as the TMES concentration increased. 
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Figure 5.4 TEM images of the nanostructures of (a) TMS-A4; (b) TMS-B2; (c) T-70S30C samples. 
 
TEM was used to compare the nanostructure of the TMS-A and TMS-B series in 
order to visually verify the inhibitive effects of TMES against secondary particle 
fusion. The nanostructures of TMS-A4, TMS-B2, and T-70S30C are shown in Figure 
5.4a, Figure 5.4b, and Figure 5.4c, respectively. Compared to T-70S30C, TMS-A4 
was composed of much smaller nanoparticles, approximately 5 nm in diameter, which 
are the secondary particles that form during condensation [51, 64]. T-70S30C is 
known to be composed of tertiary particles (10-30 nm), which are formed by the 
fusion of secondary particles (5 nm) during the stabilisation stage; the nanopores are 
derived from the interstitial spaces between the tertiary particles (Section 3.3.1) [183]. 
The presence of secondary particles (rather than tertiary) in TMS-A4 (Figure 5.4a) 
reveal that, in the presence of TMES, the fusion of the secondary particles into the 
tertiary particles was inhibited. NMR results in Table 5.2 indicate that the fusion 
inhibition was due to the trimethylsilylation reactions that resulted in the replacement 
of the OH groups on the surface by -O-Si(CH3)3 groups and prevented condensation 
between the OH groups on the secondary particle surfaces. The large volume and the 
hydrophobicity of -O-Si(CH3)3 groups on the TMS-A4 surfaces acted as barriers and 
retarded the fusion between the secondary particles. The barriers between the 
secondary particles could result in larger interstitial spaces between the nanoparticles 
after the stabilisation stage and the increased pore sizes shown by the nitrogen 
sorption results (Figure 5.2).  
 
When excess TMES was added into the sol before the gelation stage (TT ratio higher 
than the critical value), discrete particles were formed rather than a monolith. The 
high concentration of TMES completely blocked the fusion between the secondary 
particles, leaving discrete nanoparticles. As the particles were not fused, there were no 
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interstices between particles, which explains the lack of nanoporosity in TMS-A6 
(Figure 5.2a). The discrete secondary particles, however, contributed a significant 
surface area in TMS-A6, which is 130 ± 7 m2/g. 
 
When the TMES concentration was lower that the critical value, it did not completely 
cover the secondary particles and therefore did not effectively inhibit the fusion and 
the voids between the secondary particles were not noticeably enlarged. This explains 
why there was no significant difference between the nanoporosity of TMS-A1, TMS-
A2 and T-70S30C (Figure 5.2a). 
 
Although TMS-B2 and TMS-A4 had similar modal nanopore diameters (Figure 5.2a), 
their nanostructure appeared different in TEM: the particle sizes of TMS-B2 were 
approximately 10-30 nm (Figure 5.4b), which were much larger than those of TMS-
A4 (5 nm, Figure 5.4a). This indicates that the fusion between the secondary particles 
into tertiary particles was not significantly inhibited by TMES in TMS-B2, which can 
be explained by the different points of addition of the TMES between TMS-B2 
(immediately prior to the ageing stage) and TMS-A4 (before the casting stage). The 
secondary particles formed during the mixing stage, after the hydrolysis of the TEOS 
and after the start of the condensation reactions [183]. The particles were highly 
reactive to TMES before the casting reactions due to the high OH group density on 
their surfaces. The addition of TMES at this point (TMS-A series) enhanced the 
trimethylsilylation reactions and inhibited further condensation between the secondary 
particles. The secondary particles became considerably less reactive to TMES after 
being left for 3 d at room temperature since further condensation reactions that 
occurred during the 3 d decreased the OH group density on the secondary particles 
and increased particle size (TMS-B series). The trimethylsilylation reactions were 
thus relatively less effective in TMS-B2, compared to TMS-A4, and the fusion 
between the secondary particles was then not noticeably retarded. Therefore, the 
nanoporosity modification was caused not only by the fusion inhibition effects of 
TMES. Another mechanism is responsible for the large pore increase in the TMS-B 
samples. To investigate it, non-stabilised TMS-A4, TMS-B2 and T-70S30C were 
observed using TEM and their nanostructures are shown in Figure 5.5a, Figure 5.5b 
and Figure 5.5c, respectively. 
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Figure 5.5 TEM images of the nanostructures of (a) non-stabilised TMS-A4; (b) TMS-B2, and (c) 
T-70S30C samples. 
 
Non-stabilised TMS-A4 (Figure 5.5a) was composed of secondary particles, similar to 
non-stabilised T-70S30C (Figure 5.5c). In contrast, the non-stabilised TMS-B2 
(Figure 5.5b) had significant organic content, which was very unstable and very 
sensitive to TEM electron beams. These organic components are believed to be 
“nano-clusters” of excess TMES (including hydrolysis products (CH3)3Si-OH and 
self-condensation products (CH3)3Si-O-Si(CH3)3), which were dispersed within TMS-
B2. Figure 5.6 schematically illustrates the “nano-clusters”. 
 
When the viscosity of the sol increased as the sol was left for 72 h after the casting 
stage, the vigorous agitation after the TMES addition caused excess TMES 
aggregation into “nano-clusters” via hydrophobic interactions, which were trapped 
within the sol of TMS-B2. Therefore, the nanopores of the TMS-B2 were enlarged by 
not only inhibitive effects on the fusion, but also by the “nano-clusters” formed by the 
organic additive, TMES. The dispersed nano-clusters act as an organic template, 
which burns off during the stabilisation stage leaving the enlarged nanopores. During 
the stabilisation stage, the excess TMES might incorporate into the primary silicate 
network via oxidation and condensation reactions between the Si(CH3)3 groups. If 
more TMES was added, the “nano-cluster” templates are likely to become more 
numerous and larger, and therefore result in higher porosity and larger pore size, 
which explains the relationship between the added amount of TMES and the modified 
nanoporosity (Figure 5.2b and Table 5.3). Excess TMES is not soluble in the sol, but 
when the viscosity is high, the clusters of it become trapped and suspended within the 
viscous sol (TMS-B series), but when viscosity is low, it separates (TMS-A series). 
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Figure 5.6 Schematic illustration of “nano-cluster” formed by excessive TMES in the high-
viscosity sol of TMS-B2. 
 
It is important that the glasses made with TMES can still contain calcium and be 
bioactive. When calcium nitrate is used as a calcium source in T-70S30C, the calcium 
incorporates into the silicate network at approximately 400ºC, during the stabilisation 
stage (Section 3.3.2) [183]. Therefore, the calcium incorporation into the TMS 
samples can be monitored by comparing the network connectivity before and after the 
stabilisation stage [183]. In order to test the calcium incorporation in TMS-70S30C 
samples, 1H and 29Si MAS-NMR of stabilised TMS-A4, TMS-B2 and T-70S30C were 
conducted. The 1H MAS-NMR spectra of stabilised TMS-A4 (upper component), 
TMS-B2 and T-70S30C are shown in Figure 5.7a. The broad resonance at 4.2-4.7 
ppm for TMS-B2 and TMS-A4 stabilised samples can be assigned to hydrogen-
bonded H2O molecules with surface Si-OH groups. The sharp peak around 1-2 ppm is 
due to isolated internal silanol groups [190]. TMS-A4 sample shows an additional 
broad signal of low intensity centred around 7.2 ppm, which can be attributed to 
external weakly hydrogen bonded silanol groups [191]. The difference in peak 
positions can be due to different water content in the samples. Compared to T-70S30C, 
TMS-A4 and TMS-B2 stabilised samples there is no evidence of H atoms connected 
to Ca-O groups [183]. 
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Figure 5.7 (a) 1H MAS-NMR spectra and (b) 29Si MAS-NMR spectra of stabilised TMS-A4 upper, 
TMS-B2 and T-70S30C samples. 
 
The H contents of the samples (Table 5.4) were determined with a previously 
described method [183]. The results show that the H content in TMS-A4 ((6.0±0.2) × 
10−3 mol/g) and TMS-B2 ((3.0±0.1) × 10−3 mol/g) were lower than that in T-70S30C 
((9.3±0.3) × 10−3 mol/g). This is due to replacement of the surface OH groups by O-
Si(CH3)3 groups during the trimethylsilylation reactions. The oxidation of -Si(CH3)3 
groups during the stabilisation stage converted the methyl groups into CO2 and H2O. 
The exothermic reactions might enhance further condensation reactions between the 
existing OH groups, which were not replaced by O-Si(CH3)3 groups. 
 
Table 5.4 The H contents of stabilised TMS-A4, TMS-B2 and T-70S30C calculated from 1H NMR 
spectra. 
Samples H contents (g/mol) 
TMS-A4 Stabilised 
upper component 
(6.0±0.2) × 10−3 
TMS-B2 Stabilised (3.0±0.1) × 10−3 
70S30C Stabilised [183] (9.3±0.3) × 10−3 
 
The 29Si MAS-NMR spectra of the stabilised TMS-A4 (upper component), TMS-B2 
and T-70S30C are compared in Figure 5.7b. The composition of various silicate 
species and the TMES content are shown in Table 5.2. The organic content from 
TMES was removed from the samples by the heat treatment during the stabilisation 
stage (600 °C), as the signals corresponding to -Si-O-Si(CH3)3 group were absent in 
the spectra of the stabilised TMS-A4 and TMS-B2. After the stabilisation stage, the 
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network connectivity of TMS-B2 increased from 3.16 to 3.55, whereas the network 
connectivity of both TMS-A4 and T-70S30C decreased (from 3.44 to 3.29 for TMS-
A4 and from 3.65 to 2.62 for T-70S30C, Section 3.3.2 [183]). In TMS-A4 and T-
70S30C, the calcium is incorporated into the silica network during the stabilisation 
stage which results in the decrease of the network connectivity. The unexpected 
increase of the connectivity of TMS-B2 could be due to two possible reasons. Since 
inorganic calcium nitrate (calcium precursor) could be repelled from the organic 
content in the non-stabilised samples, the calcium incorporation during the 
stabilisation stage was thus inhibited in TMS-A4 and TMS-B2. This could decrease 
its degradation rate and bioactivity. Table 5.2 shows that the organic content was 
higher in non-stabilised TMS-B2 (-Si-O-Si(CH3)3 groups 17% and HO-Si(CH3)3 
groups 2%) than that in TMS-A4 (-Si-O-Si(CH3)3 groups 10% and HO-Si(CH3)3 
groups 1%, upper component), which resulted in lower calcium incorporation in 
TMS-B2 compared to TMS-A4. Although the calcium incorporation in TMS-A4 was 
better than that in TMS-B4, the organic content in TMS-A4 still inhibited the calcium 
incorporation compared to T-70S30C. This is confirmed by the network connectivity 
of TMS-A4 decreasing by 0.15 after the stabilisation stage whereas that of T-70S30C 
decreased by 1.03. From the network connectivity, the sequence of the extent of 
calcium incorporation into the silicate network is T-70S30C > TMS-A4 > TMS-B2. 
Compared to T-70S30C, more calcium in TMS-70S30C might stay on the surface of 
silicate particles (secondary particles for TMS-A4 and tertiary particles for TMS-B2) 
after the thermal decomposition of nitrate instead of being incorporated into the silica 
network. The other possible reason for the connectivity increase in TMS-B2 after 
stabilisation could be attributed to oxidation of -Si(CH3)3 groups of the TMES nano-
clusters in this sample during the stabilisation stage and the reactions could cause the 
condensation between the -Si(CH3)3 groups within the clusters. This could contribute 
in the increased silicate connectivity in TMS-B2 compared to TMS-A4 since there 
were no nano-clusters in TMS-A4. 
 
To summarise the mechanisms of TMES in modifying the nanoporosity in TMS-A 
and TMS-B samples, the OH groups on the surface of silicate nanoparticles 
(secondary particles) before the stabilisation stage were replaced by O-Si(CH3)3 
groups, which acted as barriers and inhibited the fusion of the secondary particles into 
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the tertiary particles. Since TMES was added before the casting stage for TMS-A 
samples, TMES covered the secondary particles effectively and blocked their fusion 
into the tertiary particles, which modified the nanoporosity via changing the 
interstitial spaces. For TMS-B samples, TMES was added after the casting stage and 
did not block the fusion. The excessive TMES in TMS-B samples dispersed into the 
viscous sol as nano-clusters and the clusters, which burned off after the stabilisation 
stage, acted as templates to modify the nanoporosity in TMS-B samples. 
 
Compared to TMS-A samples, the homogeneity of TMS-B samples was improved. 
The incorporation of calcium in the silicate network was, however, sacrificed. Based 
on the mechanisms of nanoporosity modification in TMS-A and TMS-B samples, the 
nanoporosity can be better controlled by combining the advantages of the two series 
of samples. This could be realised by elaborately manipulating the mixture of TMES 
(mixing time and amounts). The TMES protocol to modify nanoporosity, compared to 
previous protocols with surfactants ([74, 114]), could simplify the synthesis 
procedures and reduce the manufacturing cost. 
5.4 Conclusions 
The modal nanopore size diameter of sol-gel derived bioactive glass 70S30C was 
successfully increased from 12 nm, to 16 nm, and then to approximately 30 nm by 
adding specific amounts of TMES during the sol-gel process. Critical values of the TT 
ratio were found and the nanoporosity was lost when the critical value was exceeded. 
The homogeneity was improved by adding TMES after leaving the sol at room 
temperature for three days after the casting stage. The mechanism of the nanopore 
size modification was due to the inhibition effects of TMES against the secondary 
particle fusion into tertiary particles and the presence of the -Si-O-Si(CH3)3 groups 
that acted as special barriers and enlarged the interstitial spaces between the 
secondary particles. “Nano-clusters” of excess TMES, which dispersed within the sol 
after agitation, can act as templates for the enlarged nanoporosity after the 
stabilisation stage. The modification of glass nanoporosity could potentially 
contribute to further studies on the interactions between a range of nanoporosities and 
adsorbed proteins or cells. 
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Chapter 6. Protein interactions 
6.1 Introduction 
In this chapter, fibrinogen (Fg) is taken as a model molecule to study protein 
interactions with various types of sol-gel derived bioactive glasses with various 
nanopore sizes. The nanoporosity modification studies in Chapter 3 and 5 provide this 
chapter a platform to study the relationship between the protein adsorption and the 
nanopore size. The reason to use Fg is due to its key role in haemostasis and fibrous 
capsule formation, which are especially important during implantation operations. 
This is also a preliminary study for the potential recombinant human (rH) -fibrinogen 
(A recombinant protein is a protein that is translated from recombinant DNA) delivery 
to enhance the bone-regeneration function of the bioactive glasses. 
 
One aim of this chapter is to study the kinetics of Fg adsorption onto and desorption 
from the nanoporous glasses. A second aim was to study the accessibility of the 
nanopore network to Fg molecules as a function of nanopore size by tracking the 
fluorescent-labelled Fg into the inner nanopores of the nanoporous glasses. The final 
aim was to find the dominant interactions of protein adsorption onto various glasses 
by quantifying the relationship between the glasses, the medium and the Fg 
adsorption. This study is important for the further research on the relationship 
between proteins and bioactivity mechanism of the sol-gel derived bioactive glasses 
(Chapter 7). 
6.2 Experimental 
6.2.1 Glasses and proteins 
Five groups of glass particles were prepared for protein adsorption tests: nanoporous 
sol-gel derived glasses of TheraGlass® 600 (TG600), TheraGlass® 700 (TG700), 
TheraGlass® 820 (TG820) and sol-gel derived pure silica (100S) were compared to 
non-porous melt-derived 45S5 Bioglass® (BG) (Table 6.1). Bioglass® was supplied 
in the form of NovaBone®, a commercially available particulate with a particle size 
range of 90-710 µm (NovaBone LLC. FL, USA). TheraGlass® samples, supplied by 
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MedCell BioSciences Ltd (Cambridge, UK) are sol-gel derived and nanoporous 
(Chapter 4). Their synthesis was based on the standard process of 70S30C monoliths 
(T-70S30C in Chapter 5) [8] except that they were cast into Teflon moulds (Section 
4.2.3) and stabilised at different temperatures (Table 6.1) in order to change the 
nanoporosity of the glasses of the same nominal composition. 100S was also 
synthesised based on the standard process of traditional 70S30C monoliths [8] 
without the addition of calcium nitrate. To standardise the particle sizes, all of the 
glass samples were ground with a ball mill and sieved with 38 µm sieves. Human 
fibrinogen (F4883, Sigma, UK) was taken as the model molecule for the protein 
adsorption tests and used as received. Inorganic solvent, standard Phosphate Buffer 
Solution (PBS, pH value 7.14, BP665-1, Fisher, UK), was used to prepare the Fg 
solution in order to avoid the interference with the UV absorbance. 
 
Table 6.1 The composition and stabilisation temperatures of various types of glass samples. 
Samples Composition (mol%) Stabilisation temperature (°C) 
BG 
46.1 SiO2, 26.9 CaO, 
24.4 Na2O, 2.5 P2O5 
N/A (melt-derived) 
TG600 70 SiO2, 30 CaO 600  
TG700 70 SiO2, 30 CaO 700 
TG820 70 SiO2, 30 CaO 820 
100S 100 SiO2 600 
 
The surface area and nanoporosity of the sol-gel derived samples were quantified 
using nitrogen sorption (AS6®, Quantachrome Instruments, UK). Samples for 
nitrogen sorption were prepared and characterised with the same protocols in Section 
3.2.2. The principle of nitrogen sorption was shown in Section 3.2.2. 
 
The zeta potentials of the glass particles were also measured by using Zetasizer Nano 
ZS (Malvern, UK) with PBS as medium. Relatively small glass particles (colloidal 
particles) were taken for the zeta potential measurement. Zeta potential is defined as 
the electric potential at the slipping plane of the interfacial double layer versus the 
aqueous bulk medium. Regarding the mechanism of zeta potential measurement by 
using Zetasizer Nano ZS, an electric field is applied across the medium. Particles with 
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a zeta potential will migrate toward the opposite-charged electrode with a velocity 
that is proportional to the magnitude of the zeta potential. This velocity is measured 
using the technique of Laser Doppler Velocimetry. 
6.2.2 Nanoporous network accessible for Fg penetration 
Fluorescent-labelled Fg (Fibrinogen from human plasma, Alexa Fluor® 488 
conjugate, independent of pH from 4 to 10, F13191, InvitrogenTM, UK; 6-12 Alexa 
Fluor® 488 molecules (MW, 643.41) are bonded to accessible primary amine groups 
on each Fg molecules (details provided by InvitrogenTM technology support team)) 
and laser scanning confocal microscope (LSCM, Zeiss LSM-510 inverted, UK) were 
used to study the pore structure accessible for Fg adsorption. The Fg distribution was 
determined by measuring the fluorescent intensity within the particle cross-sections at 
a range of levels along Z-axis (“stack imaging”, Zeiss LSM image software function, 
version 4.2.0.121). For the glass/solution ratio, 0.02 g of glass particles was immersed 
in 0.9 ml of 0.1 mg/ml fluorescent-labelled Fg PBS solution to test the penetration of 
Fg molecules. Four types of glasses were used for the accessibility tests including 
TG600, TG700, TG820 and 100S. 
 
The mechanism of the focus depth sensitivity, the key feature of confocal microscope, 
is based on a pinhole aperture, which can eliminate the light of samples from the out-
of-focus planes. 3D topographic images can be acquired by reconstructing 2D images 
at selected focus depths. The 2D images can be reconstructed to create z stacks. This 
technique can be used to live-monitor the protein distribution within the nanoporous 
network by tracking fluorescent-labelled proteins. 
6.2.3 Factors associated with protein adsorption 
The effects of three individual variables on the Fg adsorption were tested: glass modal 
nanopore size, initial Fg concentration, and medium pH. Fg adsorption onto the 
glasses, which have a range of nanopore sizes, were compared, including BG, TG600, 
TG700, TG820 and 100S. A range of initial Fg concentrations (0.05, 0.1, 0.2 and 0.4 
mg/ml-1) were used in the adsorption tests to study the effects of initial Fg 
concentration. HNO3 and NaOH solution were added into the suspension before the 
mixture with the glass particles to pre-adjust the medium pH in order to test the 
effects of the medium pH values (original pH of PBS, 7.14). The glass/solution ratio 
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was identical with that in the penetration tests. All the measurements were carried out 
at room temperature. 
6.2.4 Live and in situ tests 
Fg adsorption and release was live and in situ monitored by imaging the fluorescent-
labelled Fg under the confocal microscope. The glass/solution ratio in the Fg 
adsorption tests were identical with that in the penetration tests (0.9 ml of 0.1 mg/ml 
Fg conjugate solution with 0.02 g of various types of glass particles including BG, 
TG600, TG700, TG820 and 100S). 0.1 ml of 0.1 M HNO3 was added into the BG 
suspension (0.9 ml) to change the medium pH in order to test the effects of medium 
pH on Fg adsorption. 
 
Live release tests were also conducted by washing the glass particles with PBS twice 
(in order to remove non-adsorbed Fg molecules) before immersing 5 mg of particles 
in 3 ml of PBS for 2 h. The fluorescent intensity within individual particles was 
quantitatively tracked and images were taken every 10 min. Fg release were also 
tested by adjusting the medium pH with 0.1 ml 1 M NaOH into the TG700 suspension 
(0.9 ml) to observe whether Fg would release from the surface. 
6.2.5 Solution-depletion protocol 
To confirm the live and in situ tests, a solution-depletion protocol was used to 
systemically quantify the Fg adsorption tests. 9 ml of Fg solution (with initial Fg 
concentrations of 0.05, 0.1, 0.2 and 0.4 mg/ml-1) was mixed with 0.2 g of glasses (the 
identical glass/solution ratio in Section 6.2.2). Fg adsorption per gram of the glasses 
was calculated by measuring the Fg concentration before and after the glass was 
added. The Fg concentration was calculated based on the absorbance assay at 280 nm 
by using UV/Vis spectrometer (Lambda 25, PerkinElmer, UK) and disposable UV 
cuvettes (612-5684, VWR, UK). The extinction coefficient, E cm%11  at 280 nm in 0.9% 
saline solution, of Fg was 15.1 (provided by Fg manufacturer). To control the 
interference with UV signal from the glass particles (< 38 µm), the background UV 
signal was ensured to be lower than 0.05 within the wavelength range of 350-400 nm. 
All the measurements were carried out in triplicate. 
 
115 
 
The principle of protein concentration quantification with UV spectrometer is based 
on the Beer-Lambert law. The UV absorbance is proportional to protein concentration 
and the UV path-length through the sample solution. The absorbance maxima of Fg 
are at 280 nm due to the amino acids with aromatic rings. 
 
Since protein concentration was quantified based on Beer’s law, the extinction 
coefficients are critical to determine the Fg concentration. The extinction coefficients 
of Fg in PBS at a range of medium pH values were determined by comparing the UV 
absorption (at 280 nm) of Fg solutions with an identical Fg concentration and various 
medium pH values. Results (not shown) indicate that only negligible differences 
existed between the absorption of Fg at 280 nm at various medium pH values except 
when the medium pH was higher than 11. Therefore, 1.51 (provided by Fg 
manufacturer) is taken as the extinction coefficient of Fg for the most circumstances 
throughout this chapter. 
 
6.3 Results and discussion 
6.3.1 Glass characterisation 
Table 6.2 Nanoporosity, particle size and zeta potential of the glass samples and their effects on 
the medium pH. 
Samples 
Modal Pore 
size nm 
Surface area 
m2/g 
Zeta 
Potential mV 
pH value in 
PBS 
BG N/A N/A -19.0 ± 1.0 10.3 
TG600 17.4 ± 0.2 173 ± 3 -26.6 ± 1.4 10.3 
TG700 17.6 ± 0.1 140 ± 6 -19.9 ± 2.0 10.1 
TG820 6.1 ± 0.5 25 ± 3 -30.8 ± 1.1 9.0 
100S < 2 548 ± 14 -19.7 ± 0.8 6.7 
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Figure 6.1 Nanopore size distribution of various types of glass samples, obtained by nitrogen 
sorption. 
 
The nanoporosity data of various types of glasses obtained by nitrogen sorption are 
shown in Table 6.2 and the nanopore size distribution of nanoporous samples is 
shown in Figure 6.1. Nanopores in 100S were much smaller (< 2 nm) than those in 
the TheraGlass® samples and the specific surface area of 100S much larger than 
TheraGlass® samples. This is because the nanostructural unit nanoparticles in 100S 
were much smaller (secondary particles, diameter of 5 nm) than those of which 
TheraGlass® consist (tertiary particles, diameter of 10-30 cm, Section 3.3.1) [183]. 
The smaller nanoparticles produce larger surface area (including the walls of inner 
pores) and smaller interstitial spaces. When the stabilisation temperature increased 
from 700 °C to 820 °C, the modal nanopore size reduced from 17 nm (TG700) to 6 
nm (TG820) and the surface area reduced from 140 to 25 m2/g. This is due to the 
viscous flow, which was driven by surface energy reduction, when temperature 
approaches 800 °C (Section 2.2.5 and 3.3.1) [183]. 
 
Table 6.2 also shows the zeta potentials of the glass particles and their effects on the 
medium pH (0.2 g of glass particles immersed in 9 ml of PBS for 5 min). For all 
TheraGlass® samples and BG, the zeta potentials were negative and the medium pH 
values of the PBS increased due to cation exchange [37]. This is demonstrated in 
Equation 2.1 (sodium is also present in BG and more likely to be involved in initial 
cation exchange than calcium). Although the zeta potential of 100S was also negative, 
the medium pH decreased to 6.7 instead of increased, which could be due to the 
dissolution of the silica and the release of small amounts of silicic acid. The 
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dissolution of silica was enhanced by the OH groups on the surface (sol-gel derived 
100S is not pure silica as there is 0.29 OH group per silicon atom according to the 
NMR results in Section 3.3.2 [183]) that aid water molecules to access to the silica 
network. 
 
As shown in Table 6.2, the effects of TheraGlass® to increase the medium pH were 
reduced as stabilisation temperature of the glasses increased. This is because the 
higher stabilisation temperature of the glasses caused further condensation reactions 
between the surface OH groups, which increased the network connectivity and 
reduced the surface area. The glasses thus became less accessible to water molecules 
and this in turn decelerated the cation exchange and the glass dissolution, which 
reduced the effects of the glass particles on the medium pH. The modified medium 
pH would in turn have effects on the zeta potential of glass since a balance exists 
between the medium pH and the zeta potentials of the glass particles. The balance was 
demonstrated in the reaction shown in Equation 6.1. The zeta potentials of implanted 
materials are critical in terms of protein adsorption. This is because Coulomb force is 
one of most important interactions between protein and solid surfaces (reviewed in 
Section 2.6.1), since most plasma protein molecules are negatively charged in the 
physiological environment (reviewed in Section 2.5.1). 
 
SiOH + OH- ↔ SiO- + H2O      Equation 6.1 
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6.3.2 Nanoporous network accessible for Fg adsorption 
 
Figure 6.2 Confocal microscope images (cross-section view at a range of level along z-axis, “stack 
view”) showing the 3D distribution of Fg within various type of glass samples. (a) TG600 (the 
medium pH value adjusted with acid); (b) TG700; (c) TG820; (d) 100S; (e) TG600 with higher Fg 
concentration. The distance between the cross-sections in each figure (from a to e) is 0.76 µm, 
0.38 µm, 0.76 µm, 1.1 µm, and 1.6 µm. 
 
Confocal microscope images (z stack view) in Figure 6.2a-e were taken after 
immersing various types of nanoporous glasses (from a to e, TG600, TG700, TG820, 
100S, and TG600) in fluorescent-labelled Fg solution to indicate the penetration of Fg 
into the nanopore networks. The images illustrate the fluorescent intensity within 
cross-sections at a range of level along z-axis, which indicate the 3D distribution of 
119 
 
Fg within nanoporous glass particles. The interval between the cross-sections in each 
figure (from a to e) is 0.76 µm, 0.38 µm, 0.76 µm, 1.1 µm, and 1.6 µm, respectively. 
The identical adsorption conditions (glass/solution ratios, contract and brightness) 
were applied in all the tests except the medium pH value of TG600 was pre-adjusted 
to 8.6 with 0.1 ml 0.1 M HNO3 solution (Figure 6.2a). Higher-concentration (1 mg/ml) 
Fg solution was used to illustrate the adsorption of Fg into the walls of inner-pore for 
Fg molecules (Figure 6.2e). The results indicate that Fg could penetrate into the inner 
nanopores in TG600, TG700 and TG820 whereas the penetration was completely 
blocked by 100S. Therefore, nanoporous network with a modal pore diameter of 6 nm 
or above allowed Fg penetration but the 2 nm pores were too small. The penetration 
of Fg was enhanced by the higher Fg concentration (Figure 6.2e). The penetration of 
Fg throughout the TheraGlass® samples proves that the nanopores within the glasses 
are interconnected. This has good agreement with the conclusion drawn in Chapter 3, 
that the nanopores are derived from the interstitial spaces between the tertiary 
particles [183]. 
 
These results reveal that sol-gel derived glasses have much larger surface areas 
accessible for protein adsorption per unit mass compared to normal solid materials. 
The interface between physiological environment and these implanted nanoporous 
materials are not limited within the outer surfaces; the walls of inner nanopores also 
contribute to the interactions with proteins. Although the inner nanopores cannot be 
accessible for cells, the remarkably enlarged interface of sol-gel derived glasses and 
the interconnected nanoporous system could significantly enhance the communication 
between the physiological environment and implanted system (with various small 
organic molecules, < 2 nm). 
6.3.3 Live and in situ tests 
Confocal microscope images (low-magnification view) in Figure 6.3a-e show the Fg 
adsorption on various types of glasses (from a to e, BG, TG600, TG700, TG820 and 
100S) with the identical initial Fg concentration and the ratio of glass/solution. The 
left halves of the images show the fluorescent signals from the Fg molecules whereas 
the right halves show the transmitted signals from the glass particles. Identical 
imaging parameters (magnification, contrast and brightness) were applied in all the 
images. The images indicate that Fg adsorption on BG and TG600 was not noticeable, 
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whereas the amount of Fg adsorbed onto TG700 and TG820 was much higher and 
similar. Fg adsorption onto 100S was concentrated on the outer surface, which was 
consistent with the penetration tests. All the images in Figure 6.3 were taken within 1 
min after the mixture between the glasses and the proteins. This indicates that Fg 
adsorption occurred in a very short time. This is consistent with literature (Section 
2.6.3) [42, 158]. 
 
 
Figure 6.3 Confocal microscope images (low magnification general view) showing the Fg 
adsorption onto various types of glass samples (left halves of the images show the fluorescent 
signals from Fg and the right halves show the transmitted signals from the glass particles). (a) 
BG; (b) TG600; (c) TG700; (d) TG820; (e) 100S. 
 
Table 6.3 The combined effects of TG700 glass particles and additives (acid or base solutions) on 
the medium pH and the zeta potentials of the glasses. 
Additives pH Values Zeta Potential (mV) 
10 Vol% 1 M NaOH 12.0 -21.9 ± 1.0 
2 Vol% 0.1 M HNO3 10.0 -23.2 ± 0.6 
5 Vol% 0.1 M HNO3 9.6 -24.0 ± 1.5 
10 Vol% 0.1 M HNO3 8.6 -6.1 ± 0.4 
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The Fg adsorption difference between various glass samples can be explained by two 
reasons: the Coulomb forces (mediated by the medium pH values) and the 
hydrophobicity of the adsorbent surfaces. Coulomb forces are one of the dominant 
interactions between the Fg molecules and the glasses. The medium pH values can 
manipulate the Coulomb forces via controlling the repulsive charges between the 
glasses and the Fg molecules. The glasses have different effects on the medium pH. If 
the medium pH is considerably increased by the glasses, such as TG600 and BG, 
negative charge would build up on both glass surfaces (shown by the zeta potential 
data in Table 6.3) and Fg molecules (IEP of Fg molecules is 5.8 (Section 2.5.3) [149]) 
The repulsive forces between the negatively charged solid surfaces and the molecules 
would then develop and in turn effectively inhibit the Fg adsorption. Despite the 
repulsive forces, Fg adsorption would occur for TG700 and TG820 due to the 
hydrophobic interactions and entropy effects (Section 2.6.1). The most negatively-
charged part of these adsorbed molecules would point out away from the glasses. 
These adsorbed molecules would make further Fg adsorption even more difficult due 
to the repulsive forces between the protein molecules. For 100S, meanwhile, the 
negative charge on the both sides was reduced due to the reduced pH of the medium 
(from 7.2 to 6.7) and the reduced repulsive forces effectively enhanced the Fg 
adsorption. 
 
The hydrophobicity of the glass surface determines the hydrophobic interactions, 
another critical interaction of protein adsorption, between the Fg molecules and the 
solid surfaces. The hydrophobicity of 100S is much higher compared to TheraGlass® 
samples due to the absence of metallic cations. The higher hydrophobicity in turn 
enhances the Fg adsorption on 100S, agreeing with literature [162]. The Fg adsorption 
comparison between TG600, TG700 and TG820 is discussed in Section 6.3.4. 
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Figure 6.4 Confocal microscope image (low magnification general view) showing the significantly 
enhanced Fg adsorption onto BG after 0.1 ml of 0.1 M HNO3 was added into the suspension (left 
half of the image shows the fluorescent signals from Fg and the right half shows the transmitted 
signals from the glass particles). 
 
The confocal microscope image in Figure 6.4, as compared with Figure 6.3a, shows 
the fluorescent intensity on the BG particles after reducing the medium pH with acid 
(0.1 ml 0.1 M HNO3 in 0.9 ml PBS Fg solution). Since the medium pH was still 
higher than 7.4 after the acid addition, the denaturation effects of acid were neglected. 
The image indicates the significant increase of Fg adsorption when the medium pH 
was decreased. This confirms the role of the medium pH on Fg adsorption. It was the 
medium pH that modified the surface charges on the glasses and the Fg molecules, 
which reduced the repulsive interactions and in turn enhanced the Fg adsorption. 
Since the Fg adsorption on BG could be adjusted to be comparable to that of TG700 
or TG820, the medium pH values play a dominant role in Fg adsorption whereas the 
nanoporosity of the glasses does not have a noticeable effect on the adsorption. 
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Figure 6.5 (a) Confocal microscope image showing the a TG700 particle with adsorbed 
fluorescent-labelled Fg being soaked in PBS, which indicates unnoticeable Fg desorption from 
TG700 throughout 2 h (image taken every 10 min); (b) The average fluorescent intensity per 
cross-section area of the field of view (indicating the bleaching of the system) and particle cross-
section (indicating the Fg release), respectively (intensity measured every 2 min); (c) Confocal 
microscope image (low magnification general view) showing the unnoticeable Fg desorption from 
TG700 after 0.1 ml of 1 M NaOH was added into the suspension (left half of the image shows the 
fluorescent signals from Fg and the right half shows the transmitted signals from the glass 
particles). 
 
Confocal microscope images in Figure 6.5a show the Fg release tests with TG700 
particles (pre-loaded with fluorescent-labelled Fg and pre-washed with PBS twice) 
that were soaked in fresh PBS for more than 2 h. The images were taken every 10 min. 
Figure 6.5b shows the quantitative variation of average fluorescent intensity per unit 
surface of cross-sections in the field of view (indicating the systematic bleaching) and 
the cross-section of the particle (indicating the variation of adsorbed Fg). As the 
intensity within the two areas was both kept essentially constant, there was neither 
noticeable Fg desorption nor systematic bleaching throughout the 2 h. The weak 
desorption is due to the irreversible short range contact interactions between the Fg 
molecules and the glasses other than Coulomb forces (reversible and long range), 
such as hydrogen bonding and hydrophobic interactions. As reviewed in Section 2.5.3, 
each Fg molecule (MW 340K) adsorbs onto solid surfaces via 703 contact points [151] 
124 
 
and the molecules can only desorb, theoretically, when all of the contact points are 
detached, which is unrealistic (Section 2.6.4). In addition, driven by the increase of 
the systematic entropy, Fg molecules could self-adjust its conformation and further 
increase the contact points with the adsorbents after adsorption. 
 
As reviewed in Section 2.1.2 and 2.3.3, the traditional bioactivity tests on these 
glasses have been conducted in the solution simulating the inorganic contents of 
physiological environment (simulated body fluid, SBF). The apatite growth in SBF 
was widely recognised as the symbol of bioactivity since it has been proposed in 
many previous studies that the apatite layer growth results in the bonds between the 
local bone tissues and the glasses. However, the effects of proteins on implanted 
materials were neglected in the traditional bioactivity tests. The results shown in this 
study indicate the surface of the implants would be covered by proteins very quickly 
(within 1 min) after implantation. Due to the zwitterionic properties of Fg molecules, 
the nucleation sites for apatite (SiOH and SiO- groups on the glass surfaces) would be 
engaged by protein molecules and the apatite growth could be inhibited. The results in 
this study explain the inhibitive effects of proteins against the apatite growth that was 
previously found [43] and indicate the over-simplicity of the traditional bioactivity 
test system. 
 
The image in Figure 6.5c illustrates the release tests conducted by increasing the 
medium pH values to 12.0 with NaOH solution. The particles in the image are TG700 
pre-loaded with Fg and the particles were washed with PBS twice before being 
immersed in fresh PBS solution. Since the fluorescent intensity on the particles was 
not noticeably decreased after the medium pH was increased to 12.0, the desorption of 
Fg was not detectable. The results in Section 6.3.4, however, show that unnoticeable 
Fg adsorbed onto TG700 if the medium pH was pre-adjusted to 12.0. This indicates 
that Coulomb forces, which dominate Fg adsorption and are controlled by the medium 
pH, do not dominate the desorption of Fg. More details are discussed in Section 6.3.4. 
 
In terms of Fg delivery, sustained release of Fg could be realised by controlling the 
dissolution of the glass. The release tests in this chapter are too short to make the 
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glass dissolution noticeable. Future work is needed to study the relationship between 
the Fg release and glass dissolution. 
6.3.4 Solution-depletion protocols 
 
Figure 6.6 Quantitative Fg adsorption results onto various types of glass samples (TG700, TG820 
and 100S; the Fg adsorption onto BG and TG600 was negligible and not shown in the figure) at a 
range of initial Fg concentrations, obtained with solution depletion protocol. 
 
Figure 6.6 shows the amounts of Fg adsorption onto various glasses with a range of 
initial Fg concentrations. The results indicate that the Fg adsorption considerably 
increased as the initial Fg concentration increased. This is consistent with conclusions 
drawn by previous researchers [165]. As reviewed in Section 2.6.2, Norde proposed 
that higher initial protein concentration reduced the average contact area per protein 
molecule onto the adsorbent surface, which allows more protein molecules adsorbed 
onto the surface [165]. Since large contact areas (resulting in large number of contact 
points) could lead to conformation change of protein molecules, high initial 
concentration could be beneficial to reserve protein bioactivity regarding the 
applications of bioactive protein delivery via sol-gel derived glasses. Traditionally, 
protein adsorption is calculated by adsorption per surface area (adsorption isotherms, 
Section 2.6.2). Since the adsorbent area accessible for Fg cannot be quantified, Fg 
adsorption per unit mass of the glasses was calculated in this chapter. 
 
Figure 6.6 also shows that the Fg adsorption onto TheraGlass® samples increased 
with the stabilisation temperature of the glasses: TG600 (negligible, not shown in the 
figure) < TG700 < TG820. The Fg adsorption difference could be explained by the 
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two reasons discussed in Section 6.3.3, the Coulomb forces and surface 
hydrophobicity. The higher stabilisation temperature decreased the surface area of 
TG700 (Table 6.2) and thus increased the medium pH to a less extent, which results 
in less repulsive forces between TG700 and Fg compared to TG600. The higher 
temperature also decreased the surface OH density, which decreased the 
hydrophobicity and in turn increased Fg adsorption. These two reasons can also 
explain why the Fg adsorption onto 100S is even higher than TG820 since 100S 
decreased the medium pH to 6.7 (9.0 for TG820) and had higher hydrophobicity than 
TG820. 
 
Figure 6.7 Quantitative Fg adsorption results onto TG700 at a range of the medium pH values, 
obtained with solution depletion protocol. 
 
To emphasise the effects of the medium pH on the Fg adsorption, the medium pH 
values were controlled by manually adding various amounts of acid and base 
solutions into the medium. TG700 was chosen as model glass because it is the 
primary commercial glass product of NovaThera Ltd. (stabilised at 700 °C can 
completely remove nitrate, which is hazardous in the physiological environment, 
within the glasses and optimise the bioactivity via nanostructure). The medium pH 
was modified before the mixture with Fg and the details are shown in Table 6.3. The 
results of the medium pH effects on Fg adsorption are shown in Figure 6.7, which 
clearly indicates that the Fg adsorption on TG700 (the model sample) was decreased 
as the medium pH increased. Since the medium pH can mediate the Coulomb forces 
between the glasses and protein, it was the Coulomb forces that dominated the Fg 
adsorption interactions. This further confirms the effects of the Coulomb forces and 
the role of the medium pH values. 
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As Figure 6.7 shown, when the pH reached 12.0, the adsorption became unnoticeable. 
This indicates that the repulsive forces developed so large at pH 12.0 that negligible 
amounts of Fg adsorbed onto TG700 particles. However, if the pH value was changed 
into 12.0 after Fg adsorption, the proteins did not desorb from the surfaces, as shown 
in Figure 6.5c. This can be explained by the irreversible Fg adsorption discussed in 
Section 6.3.3. The results also reveal that the role of the medium pH is no longer 
dominant after the protein attachment. This is because the Coulomb forces are long 
range interactions and the forces could effectively inhibit the Fg adsorption before the 
attachment. However, the dominant interactions switched to short range interactions 
such as hydrogen bonding and hydrophobic interactions after the Fg attachment. The 
flexible Fg molecules would change conformation after the adsorption to further 
increase systematic entropy and this also agrees with previous literature (Section 6.2.2) 
[161]. 
6.3.5 Limitations 
There are a number of limitations of this system to mimic the protein adsorption 
environment. Firstly, PBS solution, the adsorption medium, has an insufficient buffer 
capacity in terms of the medium pH and Ca2+ concentration since the real 
physiological environment is kept homeostatic via circulation system. PBS instead of 
SBF was used in order to avoid the interference with UV signals, which is derived 
from the organic contents in SBF (Tris). Secondly, the ratios of glass over buffer 
solution are considerably large, which results in a noticeable impact on the medium 
pH values. This is because the high ratios can result in large differences between the 
initial and final Fg concentrations, which can compensate for the detection limits of 
the UV system. However, this could cause large discrepancies between this system 
and the real physiological environment. Finally, protein complex within the 
physiological environment was extensively simplified by using diluted mono-protein 
solution (fibrinogen). This is due to the difficulties to separate and quantify mixed 
protein solution. In addition, Fg plays a key role on wound healing and haemostasis, 
especially during the implantation operations. 
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6.4 Conclusions 
The interactions between proteins and sol-gel derived bioactive glasses, TheraGlass®, 
were studied with live tests and quantitative solution-depletion protocol. The model 
protein, Fg was found to adsorb onto the glasses very quickly (within 1 minute). The 
adsorption of Fg was irreversible since Fg desorption was not detected. The 
accessibility of the glass nanoporous network to Fg depends on the nanopore sizes of 
the glasses. TheraGlass®, the modal pore size of which is larger than 6 nm, was 
sufficiently interconnected for Fg penetration. 100S, with a modal pore size smaller 
than 2 nm, did not allow Fg penetration. The Fg adsorption was increased with the 
initial Fg concentration and decreased as the medium pH increased. The adsorption 
interactions between the glasses and the Fg molecules were dominated by the long 
range Coulomb forces before the attachment whereas the dominant desorption 
interactions, after the Fg attachment, switched to short range interactions such as 
hydrogen bonding and hydrophobic interactions. The Coulomb forces were mediated 
by the medium pH values via controlling the surface charges of the glasses and the 
proteins. The TheraGlass® samples with higher stabilisation temperatures adsorbed 
more Fg because they increased the medium pH to a less extent compared to the 
glasses with lower stabilisation temperature. In terms of Fg delivery, this study is 
useful for the further research to control Fg uploading and release. Future work is 
needed to further characterise the potential sustained Fg release by controlling glass 
dissolution. This study is also important for the further research on the bioactivity 
mechanism of the sol-gel derived bioactive glasses because the protein interactions 
are critical for implanted materials (Chapter 7). 
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Chapter 7. Inhibitive effects of proteins against apatite growth 
7.1 Introduction 
As reviewed in Section 2.3.3, apatite growth on Bioglass® has been reported to be 
significantly inhibited with 10% serum incorporated in SBF [43]. Therefore, in order 
to further investigate the potential bone-bonding mechanism of sol-gel derived 
bioactive glasses and improve the bioactivity assessment system, protein adsorption 
should be considered in the traditional bioactivity test systems. The study in this 
chapter is based on the preliminary studies on protein adsorption on the bioactive 
glasses conducted in Chapter 6. Since there are many types of proteins in blood 
plasma, SBF containing 10% serum is used in this chapter to further simulate the 
physiological environment and explore the effects of the presence of proteins of 
apatite layer formation. 
 
Apatite growth was characterised with techniques such as XRD, EDX, Raman micro-
spectroscopy and TEM. 70S30C glass was also compared to melt-derived glass. 
Commercially produced glasses were used to ensure reproducibility. The protein-
mineral layer formed on the bioactive glasses in serum complemented SBF was 
analysed by using Raman micro-spectroscopy in order to study the interference 
between protein adsorption and apatite precipitation. The study in this chapter can 
provide basic knowledge for further exploration regarding the bone-bonding 
mechanism at molecular level. 
7.2 Experimental 
7.2.1 Comparison studies on bioactivity tests 
To study the protein effects on apatite growth, serum complemented SBF was used to 
compare with pure SBF. TheraGlass® (TG, sol-gel derived 70 mol% SiO2, 30 mol% 
CaO, stabilised at 700 °C) and Bioglass® (BG, melt-derived 46.1 mol% SiO2, 26.9 
mol% CaO, 24.4 mol% Na2O and 2.5 mol% P2O5), provided by NovaThera Ltd. and 
NovaBone LLC (Alachua, FL), respectively. All the glass samples were ground by 
ball mill and sieved with 38 µm sieves. SBF was prepared following the previous 
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method initially proposed by Kokubo [26]. Foetal bovine serum (FBS) was purchased 
from InvitrogenTM UK. Two media for bioactivity tests were used; pure SBF (pSBF) 
and SBF complemented with 10% FBS (sSBF). 
 
Previous protocols were followed to conduct the bioactivity tests [192]. 75 mg of 
glass powders (BG and TG) were immersed in 50 ml of pSBF (or sSBF) in 
polypropylene containers sealed with screw lids. The containers were kept in an 
incubator at 37 °C with an agitation of 120 rpm. The samples were filtered after a 
series times (2 h, 4 h, 8 h, 1 d, 3 d, and 7 d); both the glass powders and filtered liquid 
were reserved for further analysis. The samples were denoted with “medium time 
glass-type”, for example, “pSBF 2h BG” represents Bioglass® immersed in pure SBF 
for 2h. 
7.2.2 Characterisation techniques 
TEM (JEOL JEM-2010) was used to observe the apatite layers and the protein-
mineral layers on the surface of the glass particles. The protocol for sample 
preparation is same with that in Section 3.2.2. The principle of TEM was also given in 
Section 3.2.2. 
 
EDX within JEOL JEM-2000 conducted within TEM, was used to chemically identify 
apatite layers and the protein-mineral layers. The mechanism of EDX is similar to 
XRF. The elemental identification mechanism is based on the principle that each 
element can be stimulated, by a beam of X-ray (or high-energy charged particles), to 
emit X-rays with characteristic dispersed energy levels. The combination of EDX and 
TEM facilitate in situ chemical analysis on specific nano-features. 
 
XRD (Philips PW1700, automated powder diffractometer) was used to analyse the 
crystal structure of the apatite formed on the surface of the glass particles. Cu Kα 
radiation at 40 kV/ 40 mA with a secondary graphite crystal monochromater was used. 
The angular range was from 5° to 70°, the step size was 0.04° and the collection time 
was 1 s. The principle of XRD was given in Section 3.2.3. 
 
Raman micro-spectroscopy (inVia, Renishaw) was used to analyse and compare the 
substances formed on the glass surface. A high power near infrared diode spot laser 
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(100 mW with a wavelength of 785 nm with a spot size approximately 1-3 µm) was 
used to conduct Raman scanning. Raman spectroscopy technique is frequently used to 
conduct chemical analysis by studying vibrational, rotational, and other low-
frequency modes. The mechanism of Raman is based on inelastic scattering, or 
Raman scattering, of monochromatic laser in the visible, near infrared, or near 
ultraviolet range. When the laser light interacts with phonons or other excitations 
within the samples, the energy shifts were produced and the chemical bonds within 
the samples can be identified from the energy shifts. Due to the insensitivity of 
Raman to polar bonds, Raman can conduct chemical analysis on wet samples and 
perform immersed in aqueous environment. Regarding nanoporous samples that 
easily adsorb water, Raman is an ideal complementary technique for FTIR 
considering the high sensitivity of FTIR to water. 
 
ICP-OES (Thermo Scientific, iCAP 6300) was used to quantify the ion exchange 
between the glass particles and the media. All the ICP samples were diluted with 2 M 
HNO3 and filtered with a 0.2 µm filter. The principle of ICP was given in Section 
3.2.3. 
7.3 Results and discussion 
To compare the crystalline apatite growth on BG and TG immersed in pSBF and 
sSBF, XRD was conducted to characterise the crystal structures in the glass particles. 
The XRD patterns of the samples immersed for a series of periods (2 h, 4 h, 8 h, 1 d, 3 
d, and 7 d) are shown in Figure 7.1. 
132 
 
 
Figure 7.1 XRD patterns of filtered (a and b) BG and (c and d) TG glass particles after 
immersion in pSBF and sSBF for a series of periods (BG and TG before immersion were shown 
as references). 
 
As Figure 7.1a shows, a series of peaks (at approximately 26° and 32°) are found in 
the XRD patterns of the filtered BG particles after immersion in pSBF and the XRD 
pattern is similar to that documented in literature [193, 194]. However, the XRD 
pattern of apatite in the literature shows that there are 3 major peaks near 32° and the 
peak height at 26° is less than half of that at 31.8°. The XRD pattern in Figure 7.1a, 
whereas, indicates that the peak at 26° has a similar height to that at 32°. The 
discrepancy could be due to the preferred deposition orientation of crystalline apatite 
on the bioactive glasses. Yu et al. [194] attributed the 26° peak to (0,0,l) whereas 
Fitzgerald et al. [67] (Section 2.3.3) proposed that the preferred orientation is (h,k,0). 
Future work is required to investigate the confliction and study the mechanism of 
apatite deposition on bioactive glasses. 
 
By comparing the XRD patterns of BG (Figure 7.1a) and TG (Figure 7.1b) immersed 
in pSBF, the intensities and sharpness of the peaks for TG were found to be less than 
those seen on BG, which indicates that less and smaller apatite crystals were formed 
on the surface of TG than BG. This is due to higher silica content (network formers 
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[40]) in TG than BG, which resulted in a larger network connectivity of TG (2.62, 
Section 3.3.2 [183]) than BG (1.90, [40]). The smaller network connectivity of BG 
could enhance accessibility of water into the glass network to dissolve metallic 
cations (especially Na). The enhanced cation exchange increased the medium pH, 
which in turn improved Ca/P compound deposition. 
 
By comparing BG immersed in pSBF (Figure 7.1a) and sSBF (Figure 7.1b), the 
inhibitive effects of the serum against the apatite growth was confirmed since the 
apatite-peaks in the XRD patterns of BG immersed in sSBF had much smaller 
intensities than those of BG immersed in pSBF. As shown in Figure 7.1b, the apatite 
related peak did not appear until after 7 d immersion .The broad peak indicates the 
lower amounts and smaller dimension of the apatite crystals formed in sSBF 
compared those formed in pSBF. The effects of the serum proteins on apatite 
precipitation can be divided into effects on nucleation and crystal growth. In the case 
of nucleation, the proteins cover and engaged the nucleation sites on the glasses for 
the apatite growth, which inhibit the nucleation of calcium phosphate. However, the 
negatively charged parts and β-sheets of proteins have also been found to provide 
more nucleation sites [90]. In terms of crystal growth, the adsorbed protein layer act 
as a barrier for calcium and phosphate ion diffusion, which inhibit apatite crystal 
growth. On the other hand, serum proteins are also believed to act as Ca2+ reservoirs 
by binding to Ca2+ (each gram of albumin could bind to 2.1 to 1.0 mg calcium [195]). 
When proteins were denatured or degraded, the bound Ca2+ could release to enhance 
local over-saturation of Ca2+ and resulted in apatite deposition, which was reported in 
the literature on the relationship between the proteins and calcium deposition [159, 
182]. 
 
A similar deduction can be obtained when comparing Figure 7.1c and Figure 7.1d. 
Serum exerted significant inhibitive effects on the apatite growth on TG. Apatite 
crystals, as Figure 7.1d shows, did not appear until after 7 d immersion in sSBF. 
Crystalline calcium carbonate was also found in all the TG samples immersed in 
sSBF. This indicates that the critical point of calcium carbonate deposition was 
reached prior to that of apatite deposition. The formation of calcium carbonate can be 
due to there being high concentration of calcium ions in solution, which can be 
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explained by 4 possible reasons. Firstly, this is could be due to the lack of phosphate 
content in TG compared to BG (2.5 mol% phosphate). As reviewed in Section 2.1.1, 
the rapid release of phosphate ions from BG could enhance Ca/P deposition compared 
to TG. Secondly, it could be due to a higher initial rate of calcium ion release from 
TG compared to BG since calcium content was higher in TG and was concentrated on 
the boundaries of the secondary particles (reviewed in Section 3.3.2 and more details 
are discussed with TEM images later in this section). Thirdly, the proteins in sSBF, 
which combined with calcium ions, may have adsorbed onto the TG surface and 
released calcium ions after denaturation. This further could increase the local Ca2+ 
concentration around TG surfaces and enhance calcium carbonate deposition. Finally, 
the nanotexture with adsorbed proteins in TG could enhance CaCO3 deposition by 
providing CaCO3 nucleation sites. 
 
 
Figure 7.2 TEM images of (a, b, and c) BG and (d, e, and f) TG immersed in pSBF for 2h, 1d and 
7d, respectively. 
 
TEM was used to observe the crystal morphology of apatite. The TEM images of the 
BG particles immersed in pSBF for 2 h, 1 d and 7 d are shown in Figure 7.2a, Figure 
7.2b and Figure 7.2c, respectively. The images show that, needle-like apatite crystals, 
approximately 5 nm in diameter and 30-100 nm in length, formed on the surface of 
135 
 
BG 2 h after immersion in pSBF. The BG surfaces were almost fully covered by 
apatite 7 d after immersion in pSBF. The morphology was similar to found by 
previous researchers [87]. 
 
As reviewed in Section 2.1.2, the mechanism of apatite growth on Bioglass® in SBF 
has been extensively studied [5]. Generally, sodium and calcium ions are rapidly 
released after immersion in solution, which result in silica gel layer on the glass 
surface and over-saturation of calcium ions in the media around the glass particles. 
The medium pH also increases due to the cation exchange. Amorphous Ca/P 
compounds thus firstly precipitate on the glass surface, with the silica gel offering 
nucleation sites (Si-OH groups), and later transform into the needle-like crystalline 
apatite. Phosphate ion release from BG also contributes to the apatite deposition. 
 
The TEM images of the filtered TG particles following immersion in pSBF for 2 h, 1 
d and 7 d are shown in Figure 7.2d, Figure 7.2e and Figure 7.2f, respectively. Apatite 
with similar structure and dimension to that seen on BG was also observed on the 
surface of TG, although the apatite coverage on TG was much less. The TEM images 
also show the nanoparticles (approximately 5 nm in diameter), of which the sol-gel 
derived TG consists. 
 
 
Figure 7.3 TEM images of (a) stabilised TG before immersed in pSBF; (b) stabilised TG 2h after 
immersed in pSBF; (c) non-stabilised TG before immersed in pSBF. 
 
Compared with TG before immersion in pSBF (Figure 7.3a), the nanoparticle size of 
TG reduced from 10-30 nm (the tertiary particles, detailed in Section 3.3.1 [183]) to 
approximately 5 nm after 2 h immersion (Figure 7.3b). The size of the nanoparticles 
in TG after immersion in pSBF became similar to the secondary particles (5 nm), of 
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which the non-stabilised TG consists (Figure 7.3c). The transfer from the tertiary 
particles into the secondary particles can be explained by the mechanism of calcium 
incorporation into the silica network, which is demonstrated in Section 3.3.2 [183]. 
Before the stabilisation heat treatment (700 °C), TG was composed of secondary 
particles (5 nm, as shown in Figure 7.3c) and calcium was deposited on the surface of 
the secondary particles after the drying stage (the details of the sol-gel procedure were 
reviewed in Section 2.2.4 and detailed in Section 3.2.1) instead of incorporating into 
the silica network. During the stabilisation stage, calcium incorporated into the silica 
network and fused the secondary into the tertiary particles. Since calcium 
concentrated on the boundaries of the secondary particles, water molecules could 
easily access to and dissolve the calcium. When the calcium was depleted, the tertiary 
particles broke off into the secondary particles, which are shown in Figure 7.3b. 
 
The inhomogeneity of calcium within the secondary and tertiary particles, which is 
revealed by TEM images in Figure 7.3, confirms the deduction made in Section 3.3.2. 
The results also confirm the invalidity of the model (reviewed in Section 2.3.2), in 
which Mead and Mountjoy [77] claimed that calcium distribution is homogeneous at 
atomic level in the model. 
 
EDX chemical analysis was conducted at multiple sites on the samples pSBF 1d BG 
and pSBF 1d TG, as shown in Figure 7.4a and Figure 7.4b, respectively. The needle-
like apatite crystals on BG were selected (Site A in Figure 7.4a) and the chemical 
analysis results were shown in the EDX spectrum. The existence of Ca and P and the 
absence of Si in the spectrum indicate that apatite mostly covered BG surface. Both 
secondary particles and needle-like apatite crystals were selected for EDX chemical 
analysis and the results are as shown in the spectra of Site A and D (shown in Figure 
7.4b), respectively. Only Si and O exist at Site A in TG, which indicates that the 
calcium was depleted from the secondary particles. This supports the deduction made 
from Figure 7.3. The existence of Si, Ca and P at Site D in TG indicates that TG was 
also covered by apatite. 
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Figure 7.4 The spectra of EDX chemical analysis on (a) pSBF 1d BG and (b) pSBF 1d TG 
conducted within TEM. For pSBF 1d BG, EDX was conducted at needle-like apatite (site A). For 
pSBF 1d TG, EDX was conducted at secondary particles (site A) and needle-like apatite 
respectively (site D). Nanotexture at Site A with higher magnification shown at the upper-left 
corner in Figure 7.4b. 
 
The depletion of calcium among the secondary particles is because the calcium in TG 
concentrates between the solid silica nanoparticles instead of distributing within the 
secondary particles, as proven in Section 3.3.2. This can also explain the Ca2+ burst 
from 70S30C after immersion into cell culture medium, which can kill cells if 
released too rapidly [95]. Further improvement on calcium distribution at nanoscale 
could enhance the sustained release of calcium ions. 
 
The TEM images of the BG particles immersed in sSBF for 2 h, 1 d and 7 d are 
shown in Figure 7.5a, Figure 7.5b and Figure 7.5c, respectively. The images show 
that the needle-like apatite growth was significantly inhibited with proteins present. 
The apatite was not found until BG was immersed in the sSBF for 7 d and the apatite 
crystal size was much smaller (approximately 2 nm in diameter and 5 nm in length) 
than that formed in pSBF. This has a good agreement with the XRD results shown in 
Figure 7.1. Nanotexture was found on the surface of BG, which could be the 
indication of the deposited protein-mineral layers (complex of proteins and Ca/P 
compounds) instead of the voids caused by glass dissolution since the dissolution 
voids of BG within 2 h in pSBF cannot be detected by TEM (the resolution for 
amorphous materials in TEM is approximately 2 nm). 
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Figure 7.5 TEM images of filtered (a, b and c) BG and (d, e and f) TG immersed in sSBF for 2 h, 
1 d and 7 d, respectively. 
 
The TEM images of the filtered TG particles immersed in sSBF for 2 h, 1 d and 7 d 
are shown in Figure 7.5d, Figure 7.5e and Figure 7.5f, respectively. The needle-like 
apatite growth on TG was completely blocked. Interestingly, the tertiary particles 
were maintained in TG throughout the 7 d immersion in sSBF, whereas in pSBF the 
particle size decreased. This indicates the calcium release was inhibited in sSBF TG 
samples and there are two possible reasons for the release inhibition. Firstly, the 
serum proteins might significantly inhibit the calcium dissolution and the transfer 
from the secondary particles into the tertiary particles was blocked. Secondly, the 
calcium release could be decelerated by the inhibition of Ca/P deposition. Since there 
is a balance between the calcium release and deposition, the inhibition of Ca/P 
deposition could result in decelerated calcium release. The “tertiary particles” shown 
in Figure 7.5d, Figure 7.5e and Figure 7.5f could also be the secondary particles that 
are covered by protein-mineral layers. The possible reasons were verified by ICP 
results, which are shown in Figure 7.6. 
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Figure 7.6 The concentration of (a) calcium ions, (b) phosphate ions and (c) silicon ions in the 
media that were sampled after a series of periods. 
 
To reveal the protein effects on ion release and apatite growth, ICP was used to 
quantify the concentration of calcium and phosphate ions and soluble silica in the 
media, which are shown in Figure 7.6a, Figure 7.6b and Figure 7.6c, respectively. 
Most of calcium ions in both BG and TG were released within the first 2 h. In terms 
of the comparison between BG and TG, the calcium ion release of TG within the first 
2 h of the immersion (approximately 250 ppm) was much higher than that of BG 
(approximately 170 ppm). As mentioned earlier, this can be explained by the different 
distribution of calcium within BG and TG. The calcium in TG concentrated on the 
boundaries between the secondary particles and the boundaries were accessible to 
water to dissolve calcium. The calcium in BG, on the other hand was distributed 
within the silica network, which decelerated calcium dissolution compared to TG. The 
soluble silica release rates of BG and TG were similar. The saturation of silicon in 
solution (approximately 60 ppm) was reached for both BG and TG 8 h after the 
immersion. 
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In terms of the comparison between pSBF and sSBF, serum proteins did not have a 
noticeable effect on the release of calcium ions and soluble silica. The tertiary 
particles of TG in sSBF (shown in Figure 7.5d, Figure 7.5e and Figure 7.5f) were thus 
not due to the inhibitive effects of protein against calcium ion release, but due to the 
protein-mineral layer that covers the nanotexture of the secondary particles. For 
phosphate, both BG and TG consumed phosphate in pSBF within 2 h. However, the 
phosphate in sSBF was not consumed even after 7 d. Since a balance exists between 
the phosphate deposition and the dissolved phosphate in the media, the higher 
concentration of phosphate in the sSBF media indicates the higher-energy status of 
phosphate deposition on the glasses in the sSBF media compared to that deposited in 
the pSBF media. 
 
 
Figure 7.7 The spectra of EDX chemical analysis on (a) sSBF 1d BG and (b) sSBF 1d TG 
conducted within TEM. For sSBF 1d BG, EDX was conducted at needle-like apatite (site A). For 
pSBF 1d TG, EDX was conducted at secondary particles (site A) and needle-like apatite 
respectively (site D). 
 
EDX chemical analysis was conducted at multiple sites in the samples sSBF 1d BG 
and sSBF 1d TG, as shown in Figure 7.7a and Figure 7.7b, respectively. Site A in BG 
were focused and the chemical analysis results are shown in the EDX spectrum. The 
existence of Ca, P, Si, Na and Cl in the spectrum indicates the complicated 
composition of the protein-mineral layer deposited on BG. The EDX chemical 
analysis at Site D in TG shows a spectrum with much higher Si, Na, Cl concentration 
and lower Ca and P concentration, which confirms less apatite in TG. To further 
investigate the protein-mineral layers formed on the glass surfaces, Raman 
spectroscopy was conducted and the results are shown in Figure 7.8 
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Figure 7.8 Raman spectra of (a and b) BG and (c and d) TG immersed in pSBF and sSBF, 
respectively, for a series of periods. 
 
The graphs in Figure 7.8 show the Raman spectra of BG and TG immersed in pSBF 
and sSBF, respectively. Raman spectroscopy is a powerful tool to distinguish 
crystalline apatite from amorphous calcium phosphate (ACP). It is also very useful to 
characterise proteins. Apatite crystal growth in the samples can be characterised from 
the P-O peaks at 1075, 960, 590, and 435 cm-1 whereas ACP is represented by the 
relatively broader P-O peaks at 1080, 950, and 630 cm-1 [78]. Adsorbed proteins can 
be confirmed by the peaks at approximately 1660 (Amide I) and 1001 (C-C aromatic 
ring) cm-1. 
 
As the Raman spectra in Figure 7.8a show, BG before immersion contained 
amorphous phosphate, which is indicated by the peaks at 950 and 630 cm-1. Recently, 
this amorphous phosphate was reported to be orthophosphate [30]. The apatite growth 
started on BG 2 h after immersion in pSBF, which is indicated by the right-shift of 
peak at 630 to 590 cm-1 and the left-shift of the peak at 950 to 960 cm-1. The two 
shifts are termed as “the double shifts” in this chapter. The quick shifts indicate that 
142 
 
the transfer from the ACP into crystalline apatite was rapid in the pSBF medium. This 
also indicates a better sensitivity of Raman spectroscopy than that of XRD in terms of 
the detection of nano-scale apatite crystals (XRD did not detect apatite crystals on BG 
in pSBF until after 1 d immersion). 
 
Fitzgerald et al. [30] found that tricalcium phosphate crystals deposited and acted as 
the precursors of apatite. However, the crystalline tricalcium phosphate was not 
detected by XRD. This could be due to poor resolution of XRD or the large interval 
between the sampling time points (2 h, 4 h, 8 h, 1 d, 3 d, and 7 d). 
 
By comparing Figure 7.8a and Figure 7.8c, the apatite growth in TG was slower than 
that in BG since the P-O peaks did not appear until after 1 d immersion in pSBF. In 
addition, the lower intensity of P-O peaks in TG spectra indicates less apatite 
compared to BG, which is consistent with XRD results (Figure 7.1a and Figure 7.1c). 
Since the peaks related to ACP did not appear throughout the whole process, no ACP 
was deposited on TG in pSBF or the transfer between ACP and crystalline apatite was 
too rapid to detect. The peak at 493 cm-1 only existed in the spectra of TG and this 
peak was reported related to the HO-Si-(O-)3 tetrahedral vibration mode [196]. HO-
Si-(O-)3 is Q3 silicon species (silicon atom connecting 1 non-bridging oxygen and 3 
bridging oxygen), which contributes 23% of the whole silicon species according to 
the NMR results in Section 3.3.2 [183]. Calcium dissolved after immersed in pSBF, 
which transferred Ca-O-Si-(O-)3 into HO-Si-(O-)3 and contributed to the peak at 493 
cm-1. On the other hand, the network connectivity of BG and TG are 1.90 and 2.62, 
respectively; Q3 thus contributes a much smaller percent in BG compared to TG. This 
explains why the peak at 493 cm-1 is unique in the Raman spectra of TG. 
 
By comparing Figure 7.8a and Figure 7.8b, the transfer from ACP into apatite was 
significantly decelerated by serum proteins since “the double shifts” did not complete 
until after 7 d immersion in sSBF. The inhibitive effects of proteins can be explained 
by two reasons. Firstly, the adsorbed proteins enhance the deposition of ACP by 
providing large amount of nucleation sites. This is indicated by the appearance and 
increasing intensity of the shift at 435 cm-1 (Figure 7.8b) reveal that ACP started to 
deposit on BG after 2 h immersion in sSBF. The rapid deposition of ACP indicates 
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that adsorbed serum proteins provided many nucleation sites for ACP instead of 
inhibiting ACP deposition. This is consistent with literature in terms of serum protein 
effects on apatite deposition (Section 2.6.5) [90]. Secondly, the transfer from ACP to 
apatite was decelerated as indicated by the Raman spectra: the crystalline apatite was 
not transferred from ACP until after 7 d immersion in sSBF (Figure 7.8b). This could 
be due to the complex of protein-mineral, which inhibited the re-construction of the 
amorphous Ca/P compounds into apatite crystals. This is confirmed by the peaks at 
1660 and 1001 cm-1, which represent the co-existence of adsorbed proteins with ACP. 
Both of the proteins and ACP built up the protein-mineral layer on BG immersed in 
sSBF. The EDX spectra in Figure 7.7 show that the protein-mineral layers also 
contained sodium chloride. 
 
By comparing Figure 7.8c and Figure 7.8d, the apatite growth was further inhibited on 
TG compared to BG in sSBF, which is indicated by lower intensity of the P-O shifts. 
The higher intensity of shifts at 1660 and 1001 cm-1 indicate that TG adsorbed more 
proteins than BG immersed in sSBF. This can be explained by the deduction made in 
Section 6.3.3, that proteins can penetrate into the inner nanopores in TG and TG has 
much larger surface area for protein adsorption. There are two possible reasons for 
less phosphate in TG compared to BG after immersion in sSBF. Firstly, it can be 
explained by the formation of calcium carbonate, which inhibited the deposition of 
phosphate by consuming Ca2+ and forming CaCO3. The competitive deposition of 
calcium carbonate and calcium phosphate was discussed earlier regarding the XRD 
results in Figure 7.1. Secondly, the larger amount of adsorbed proteins could cause 
more inhibitive effects on phosphate formation. The inhibitive effects of proteins were 
detailed earlier in this section during the discussion for XRD results. Raman results 
indicate that neither the SiOH or SiO- sites on the glass surface nor the negatively 
charged groups of the proteins (e.g. β-sheets) acted as direct nucleation sites for 
apatite. They acted as direct nucleation sites for ACP, which in turn acted as direct 
nucleation sites for apatite (or tricalcium phosphate [30]). 
 
As the spectrum of the sample sSBF 7d TG shown, large fluorescent was developed 
within the sample. This could be due to the contamination of the sample with 
complemented serum. 
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Summary 
The effects of proteins on apatite growth can be summarised according to the obtained 
results. Serum proteins quickly adsorbed onto the glass surface after the glasses were 
immersed in sSBF. The adsorbed proteins provided a large number of nucleation sites 
for ACP deposition on the glass surfaces compare to the surfaces in pSBF. The 
degradation (or denaturation) of adsorbed proteins, which combines calcium ions, 
resulted in the release of additional calcium ions around the glass surfaces. Both of 
these effects enhanced the ACP deposition, which formed the protein-mineral layers 
with the adsorbed proteins. The interference effects of adsorbed (or embedded) 
proteins within the protein-mineral layers decelerated the transfer from ACP to apatite 
by inhibiting ion diffusion by covering ACP. This can also explain the smaller 
dimension of the formed apatite crystals in sSBF (Figure 7.5c) compared to those 
formed in pSBF (Figure 7.2c). Proteins should be incorporated into new systems for 
testing the bioactivity of glasses. 
7.4 Conclusions 
By comparing the apatite growth on BG and TG in the two media with and without 
serum proteins, serum proteins were found to significantly inhibit the apatite growth. 
The proteins decelerated apatite growth by providing large number of nucleation sites 
for ACP and inhibiting the transfer from ACP to apatite via protein-mineral layer. 
Apatite formed on the bioactive glasses after 7 d immersion in serum contained SBF 
in spite of the inhibitive effects of proteins. Apatite growth was enhanced on BG 
compared to TG due to the lower network connectivity of BG. The interference 
effects of proteins against apatite growth could potentially contribute to further 
investigations on the bioactivity mechanism of the bioactive glasses. 
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Chapter 8. Concluding remarks 
8.1 Discussion 
This thesis focuses on sol-gel derived bioactive glass 70S30C, one of the most 
promising biomaterials for bone regeneration. The general aim of this thesis is to 
further improve the performance of this material for bone regeneration applications. 
To achieve this aim, the nanostructure of the glass was fully characterised and 
modified to optimise its interactions with proteins and cells. The project is divided 
into 5 sections, which correlate and support each other in order to achieve the final 
aim step by step. 
 
The first section (Chapter 3) focused on a complete characterisation of the 
nanostructure of the binary sol-gel derived bioactive glass 70S30C. The mechanism of 
the inherent nanoporosity formation during the sol-gel process was understood from 
the characterisation. The mechanism how calcium was incorporated into the silica 
network was also revealed by monitoring the calcium distribution during the sol-gel 
process. The mechanism provides a guide to the further studies on the homogeneity 
improvement (Chapter 4) and the nanoporosity modification (Chapter 5). 
 
In Chapter 4, the reasons that result in the inhomogeneity in 70S30C monoliths were 
illustrated based on the mechanism of calcium incorporation studied in Chapter 3. 
According to the inhomogeneity mechanism, a number of improvement protocols 
were designed and Teflon successfully improved the glass homogeneity. In Chapter 5, 
the nanoporosity of the nanoporous bioactive glass was successfully modified based 
on the mechanism of the inherent nanopore origination proposed in Chapter 3. 
Nanoporous glasses with a series of nanopore sizes were synthesised. 
 
Protein interactions with glasses were studied in Chapter 6 and the relationship 
between nanopore size and protein interactions was investigated. Glasses with various 
nanopore sizes, which were detailed in Chapter 3, were used. The kinetics of protein 
adsorption and release were characterised, which provided a platform for the studies 
in Chapter 7. Chapter 7 focused on the inhibitive effects of proteins against apatite 
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growth via using various techniques. The mechanism of how protein adsorption 
interferes with apatite precipitation was explored. The project could potentially 
contribute to the optimisation of bioactive glasses for bone regeneration applications. 
8.2 Conclusions 
The complete evolution of the nanostructure of the sol-gel derived bioactive glass 
70S30C was characterised following the sol-gel processing. The glasses were found 
to be composed of fused nanoparticles with various dimensions at different stages. 
Secondary particles, 5-8 nm were visualised during the casting stage and found to 
aggregate into a dried gel after the drying stage, which caused significant shrinkage 
during the drying stage. The secondary particles fused into tertiary particles of around 
10-30 nm diameter during the stabilisation stage. The modal pore size of 70S30C was 
successfully modified from 12.5 to 9.1 nm by sintering for 16 h at 775 °C. Local 
viscous flow during sintering was confirmed by comparing topography and the results 
of the surface area and the nanoporosity before and after sintering. The nanopores 
derived from the interstitial spaces between the tertiary nanoparticles. ICP results 
proved that calcium nitrate dissolves in pore liquor before the drying stage. Calcium 
nitrate crystals were present in the gel until heated above 400 °C, when it was 
incorporated into the silica network after decomposition during the stabilisation stage. 
This significantly decreased the silica network connectivity. Calcium acted not only 
as the network modifier but also as secondary particle “fuser” to enhance the fusion 
of the secondary particles into the tertiary particles. 
 
Sol-gel derived glass 70S30C monoliths, where were produced by using the 
traditional method are heterogeneous, with translucent regions towards the centre of 
the monolith and thick opaque regions around the outside. The opaque region had a 
larger nanopore size is than that in the translucent region. The nanostructure 
difference was derived from the heterogeneous calcium distribution within the 
monoliths, which resulted from the diffusion difficulties of the Ca2+ during the drying 
stage. Compared to translucent regions, the higher calcium concentration in the 
opaque regions fused more secondary silica nanoparticles together and resulted in 
larger nanopores during the stabilisation stage in the sol-gel process. The monolith 
homogeneity was successfully improved by using Teflon as the mould material and 
the inhomogeneity was not observed in the improved samples. This is because the 
147 
 
high hydrophobicity of the mould surface effectively inhibited the calcium deposition 
and provided more time for the Ca2+ to diffuse into the inner parts of the gels. This 
enhanced the homogeneous calcium distribution. The drying rate during the drying 
stage was another important factor and low drying rates improved the homogeneity of 
the glass monoliths. 
 
The modal nanopore size diameter of sol-gel derived bioactive glass 70S30C was 
successfully increased from 12 nm, to 16 nm, and then to approximately 30 nm by 
adding specific amounts of TMES during the sol-gel process. Critical values of the TT 
ratio (TMES:TEOS) were found and the nanoporosity was lost when the critical 
values were exceeded. The homogeneity in terms of TMES distribution was improved 
by adding TMES after leaving the sol at room temperature for three days. The 
mechanism of the nanopore size modification was due to the inhibitive effects of 
TMES against the fusion of the secondary particles into the tertiary particles. The -Si-
O-Si(CH3)3 groups acted as special barriers and enlarged the interstitial spaces 
between the secondary particles. The “nano-clusters” of the excess TMES, which 
dispersed within the sol after the agitation, acted as templates for the enlarged 
nanoporosity after the stabilisation stage. 
 
The interactions between proteins and sol-gel derived bioactive glasses TheraGlass®, 
were studied with live tests and solution-depletion protocol. The model protein, 
fibrinogen (Fg) was found to adsorb onto the glasses very quickly (within 1 minute). 
The adsorption of Fg was irreversible since Fg release was not detected. The 
accessibility of the glass nanoporous network to Fg depended on the nanopore sizes of 
the glasses. TheraGlass®, the modal pore size of which is larger than 6 nm, was 
sufficiently interconnected for the Fg penetration. 100S, the modal pore size smaller 
than 2 nm, retarded the Fg penetration. The Fg adsorption was increased with the 
initial Fg concentration and decreased with the medium pH values. The adsorption 
interactions between the glasses and the Fg molecules were dominated by the long 
range Coulomb forces before the attachment whereas the dominant desorption 
interactions, after the Fg attachment, switched to short range interactions such as 
hydrogen bonding and hydrophobic interactions. The Coulomb forces were mediated 
by the medium pH values via controlling the surface charges of the glasses and the 
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proteins. The TheraGlass® samples with higher stabilisation temperatures adsorbed 
more Fg because they increased the medium pH to a less extent compared to the 
glasses with lower stabilisation temperature. 
 
By comparing the apatite growth on Bioglass® (BG) and TheraGlass® (TG) in the 
two media with and without serum proteins, serum proteins were found to 
significantly inhibit the apatite growth. The proteins decelerated the apatite growth by 
providing large number of nucleation sites for amorphous calcium phosphate (ACP) 
and inhibiting the transfer from ACP to apatite. Apatite was found to form on the 
bioactive glasses after 7 d immersion in serum contained SBF in spite of the inhibitive 
effects of proteins. The apatite growth was enhanced on BG compared to TG due to 
the lower network connectivity of BG. 
 
This thesis focused on the sol-gel derived bioactive glass 70S30C. The nanostructure 
of the glasses was successfully modified and improved based on the fully 
characterisation on the nanostructure evolution of the glasses throughout the sol-gel 
process. The modification protocols could contribute to further studies to optimise the 
nanostructure of sol-gel derived bioactive glasses. The studies on the inhibitive effects 
of proteins against the apatite growth, which were based on the preliminary study on 
the interactions between proteins and sol-gel derived bioactive glasses (Chapter 6), 
could potentially contribute to the further explorations on the osteoconductivity 
mechanism of the bioactive glasses. 
8.3 Future work 
8.3.1 Nanostructure characterisation 
Further studies could be conducted to further characterise the surface properties of the 
sol-gel derived glass 70S30C throughout the sol-gel process to obtain more details 
regarding topography. This is critical for the further studies on the interactions 
between the nanotexture of the glass and the proteins. The surface nanotexture needs 
high resolution characterisation techniques such as AFM. AFM is also idea to conduct 
wet materials, which is not applicable for electron microscopes. The structure within 
the secondary nanoparticles could be probed by using high-resolution NMR. 
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The 43Ca NMR characterisation throughout the sol-gel process could be used to 
distinguish the calcium ions that have different atomic environments. It could be 
useful to help to further understand the evolution of calcium during the sol-gel 
process and improve the homogeneity of the calcium distribution within individual 
secondary particles. This characterisation could provide a platform to tune and 
optimise the calcium ion release after being immersed in real or simulated body fluid. 
Controlled calcium ion release is significant for the bioactivity of the glasses. 
8.3.2 Homogeneity improvement 
The deduction obtained regarding the diffusion of Ca2+ into the gel monolith during 
the drying stage could be verified by monitoring the Ca2+ concentration in the 
expelled pore liquor during the drying stage. This could be further confirmed by 
checking the calcium distribution within the gel monoliths during the drying stage. 
This can be conducted by sampling at a series of time points during the drying stage 
quickly drying the gel monoliths. The calcium could also be radioactively labelled 
and live monitored throughout the sol-gel process. 
 
The homogeneity of calcium distribution with the sol-gel derived glass 70S30C 
monoliths could be further improved with other protocols. Materials with even more 
hydrophobic surfaces would be used. Other precursors of calcium could be used to 
further enhance the diffusion during the drying stage. For example, organic calcium 
precursor could have a better combination with the silica nanoparticles during the 
mixing stage instead of dissolving the aqueous solution. Since calcium content within 
the monolith could affect the nanopore size of the glass, the calcium content could be 
controlled before and during the drying stage by removing part of the expelled pore 
liquor (more calcium could be dissolved during the mixing stage). This could be 
beneficial to enhance the homogeneity of calcium distribution and modify the 
nanopore size of the bioactive glasses. 
8.3.3 Nanoporosity modification 
Since only two time points were tried regarding the addition of TMES to tune the 
nanoporosity of the sol-gel derived bioactive glass 70S30C. More points during the 
casting stage could be tried to further tune the nanopore size. Other additives could be 
tried for the nanoporosity modification, for example, trimethylmethoxysilane 
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(TMMS). Different additives could have various effects and capacity to modify the 
nanoporosity. Combination of multiple additives could be tried as the additives can 
play different roles during the modification process. For example, both TMMS and 
TMES could be added into the system at different time points. The two additives 
could act as condensation inhibitors and templates, respectively, in order to optimise 
the nanoporosity modification. 
 
Other protocols could be explored for the nanopore modification such as modifying 
the condition during the sol-gel process. For example, the temperature could be 
controlled during the mixing stage in order to tune the size of the silica nanoparticles 
and in turn tune the interstitial spaces between the nanoparticles. The medium pH 
could be adjusted during the mixing stage by using different catalysts in order to tune 
the nanopore size. 
 
Various tests (such as bioactivity and mechanical property tests) would be conducted 
to characterise the modified the materials in order to ensure them still suitable for 
bone regeneration applications. 
8.3.4 Interactions between proteins and glasses 
Other model proteins need to be used to fully understand the interactions between the 
glasses and the proteins in the body fluid. Although fibrinogen is one of the most 
important proteins in plasma, the majority of the biomaterial surface is always 
covered by albumin. Multiple protein systems could be applied in the further studies 
to characterise the effects of protein mixture. The competitive protein adsorption and 
protein replacement can also be monitored with confocal microscope by labelling 
different proteins with different fluorophores. 
 
More factors regarding the protein adsorption could be considered in future work. For 
example, the interactions between proteins and glasses with various types of 
functional groups could be compared (for example, glass with organic functional 
groups on surfaces). This could be conducted by using AFM, which is a powerful tool 
the research the interactions between protein molecules and solid surfaces. Other 
techniques could be used in further studies to characterise protein adsorption and 
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penetration. As reviewed in section 2.6, techniques such as SPR and QCM could help 
to further understand the protein adsorption onto the sol-gel derived bioactive glasses. 
8.3.5 Protein inhibitive effects against apatite 
A series of serum concentrations could be used to study the inhibitive effects of 
proteins with various concentrations on HCA formation. Specific proteins within the 
serum could be extracted to compare with natural serum to specify the effects of 
individual proteins. Non-serum proteins such as fibrinogen could also be integrated 
into the system to further study the effects of the real physiological environment on 
the glasses. To simulate the real physiological environment more accurately, in vivo 
tests could be conducted. This could further help to understand the mechanism of 
osteoconductivity of the bioactive glasses. Models could be established to analyse and 
deconvolute Raman spectra of adsorbed protein in order to quantify the secondary 
structure elements and in turn study the denaturation of adsorbed proteins. 
 
The surface topography of the glasses after being immersed in the SBF with 
integrated serum was not characterised. The topography details could help to 
understand the relationship between the glass topography, the apatite deposition and 
the protein adsorption. This could be conducted by using AFM and provide important 
knowledge to understand the mechanism of the bioactivity of the bioactive glasses at 
molecular level. XRD techniques with higher resolution (compared to that used in 
Chapter 7) could be used to further investigate the preferred deposition orientation of 
apatite onto various types of bioactive glasses in various media. This could help to 
study the relationship between the apatite orientation and bone mineralisation. To 
further investigate the effects of proteins on apatite deposition, the calcium bonding to 
proteins could be quantified by comparing the free Ca2+ concentrations in protein–
containing media before and after denaturation with concentrated acid. 
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